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PREFACE 


This volume includes papers on theory and methods, biology and medi¬ 
cine, and technology. Many of the papers indicate increasing realization 
of the fact stressed throughout this series that there are quite a number of 
successive levels of material structure, and that the properties of any unit 
emerging at any level, while dependent upon the nature and arrange¬ 
ment of its subsidiary constituent units, may nevertheless exhibit entirely 
new emergent behaviors. Experimental data of all kinds should be con¬ 
sidered in this light. The papers in the several volumes have been so 
chosen and arranged that readers are exposed to the results of research in 
widely different fields and sometimes even to apparently conflicting re¬ 
sults in the same field. Many mysteries and seemingly irreconcilable dif¬ 
ferences vanish when we acquire depth as well as breadth of mental focus. 
For example, Pasteur was correct in attributing fermentation to micro¬ 
organisms; but Liebig and Bertholet were also correct, as Buchner dem¬ 
onstrated in 1895, in attributing fermentation to what we now know to 
be the much smaller enzyme-catalysts formed within the microorganisms. 

The ever-recurring development of characteristic individuals from seeds 
and eggs led Aristotle to apply the word “entelechy” (i.e., having within 
a distant objective) to describe what he saw. This term has long been 
metaphysical to scientists, for it neither gave nor suggested any explana¬ 
tory mechanism. But as scientific understanding reached into lower and 
lower levels of structure, it became evident that the basic chemical 
changes in living things are dominated by biocatalysts which constitute 
a material catalyst entelechy . Operating in a suitable milieu and frame¬ 
work, biocatalysts normally determine that the right substances are 
formed in the right proportions, at the right places, and at the right 
times, so that, barring abnormalities, definite chemical outputs and con¬ 
sequent structures are forthcoming. Though the basic chemical changes 
occur at invisible atomic and molecular levels, the end results are usually 
read at visible levels by embryologists, zoologists, botanists, and clinicians, 



who must use instruments to peer down into lower levels in order to un¬ 
derstand the mechanisms producing the results they see, and to discover 
if and how these results may be controlled or modified. The term “en- 
telechy” is thus transported from the limbo of metaphysics to the free 
upper air of experimental science. Similarly, much of our technological 
progress stems from our understanding of the chemistry of practical 
processes and the utilization of catalysts to facilitate known chemical 
changes or to produce new ones. 

Danger to science does not come from those who advance new, some¬ 
times startling, and often erroneous ideas which are subjected to the free 
and open criticism of fellow scientists throughout the world. False notions 
are usually quickly scotched, though there is sometimes an understand¬ 
able but unfortunate tendency for the graduates of institutions to main¬ 
tain, teach, and thus perpetuate not only the truths but also the errors 
of their superiors, and in anticipation of future advancement, to “crook 
the pregnant hinges of the knee, where thrift may follow fawning.” 
Sound innovations, if they do not come from scientifically orthodox 
sources, and especially if they militate against the views currently main¬ 
tained and taught by scientists in high positions and publicized by press 
agents or by science writers, often die a-borning. They are sometimes 
denied publication, or if published, may be ignored in the writings and 
bibliographies of the elite. Later on they may be claimed as discoveries 
by others, even by referees who, as a reviewer once keenly put it, have 
the unfortunate habit of remembering what they have read but of for¬ 
getting that they have read it. But the truth finally burns through. 

The greatest danger to science comes from those who aim to sub¬ 
ordinate accurate observations and sound reasoning to preconceived 
scientific, theological, sociological, or political ideas. Roger Bacon and 
Galileo were imprisoned by the church, and Servetus was burned at the 
stake by Calvin, for supporting unorthodox scientific ideas. The ludicrous 
Scopes case in Tennessee (U.S.A.), where a state banned the teaching of 
evolutionary theory as contrary to theological dogma, lights up the fact 
that in most civilized states this type of persecution of science is on the 
wane; but in Russia the teaching of modern genetics has been officially 
banned. On the other hand, geneticists intent on proving the basically 
important functions of genes and chromosomes, looked askance at cyto¬ 
plasmic determinants, now recognized as important in disease and in 
normal and abnormal development. The establishment of large, endowed, 
corporate and governmental research institutions places great powers 
within the hands of a few executive heads who may show any of the 
usual human traits, admirable and otherwise. Where ignorant, selfish, 
prejudiced, or venal personalities dominate, scientific advance may suffer. 
The ideals of science often transcend the practices of some scientists. 
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The experimental work of science consists in observing what happens 
when the positions of some material units change, or are changed. From 
the observations thus made, we then make deductions and draw conclu¬ 
sions. Science, therefore, is based on the existence and inherent powers 
of matter, as well as on the existence and proper operation of rational 
human minds. 

The evidence of our senses is that from material units there have 
evolved a multitude of structures, among them a great variety of self¬ 
duplicating living things, some of which have also evolved sensitivity, 
mentality, and finally, reasoning power. But the ultimates of matter and 
the origin of the wonderful universe we study remain a mystery. No one 
has ever actually created any material unit. We often speak of the crea¬ 
tions of chemists, physicists, architects, and builders, and even of the 
“creations” of dressmakers; but materially these involve simply a rear¬ 
rangement of existing units of some kind, even though the patterns and 
results are new to our mentality. We have no experimental approach to 
the creation of any unit temporarily considered to be “fundamental.” 
Even conceptually, creation is inscrutable. 

At present, our fundamental units of matter are electrons, positrons, 
protons, and neutrons; and the “spin” of some of these bespeaks their 
complexity. Mesons (but yesterday called mesotrons) and polyelectrons 
have a transient existence. While the photon, gravitron, and neutrino 
are spoken of as “units of energy,” and we deal mathematically with 
electric, magnetic, and gravitational “fields,” many are content to shrug 
off the physical meaning of these terms as “metaphysical” or “philo¬ 
sophical,” little realizing that what we call science is grounded on meta¬ 
physical and philosophical assumptions. But the frontiers of science are 
ever extended by those who are not content with dogmas and textbooks 
worshipped and sometimes promulgated by Bourbons of science who 
“learn nothing and forget nothing.” Speaking of the exploration of the 
atom by Lord Rutherford, Stephen Miall wrote: 

He made plain the invisible; 

He broke up the indivisible; 

He changed the immutable; 

And he unscrewed the inscrutable . 

In what turned out to be his last address, Lord Rutherford said, with 
•becoming modesty: “. . . it is not within the nature of things for any one 
man to make a sudden violent discovery; science goes step by step, and 
every man depends on the work of his predecessors. When you hear of a 
sudden unexpected discovery—a bolt from the blue, as it were—you can 
always be sure that it has grown up by the influence of one man on 
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another, and it is this influence which makes the enormous possibility of 
scientific advance. Scientists are not dependent upon the ideas of a single 
man, but on the combined wisdom of thousands of men, all thinking of 
the same problem, and each doing his little bit to add to the great 
structure of knowledge which is gradually being erected/' 

Jerome Alexander 

New York , Neio York 
January, 1950 
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THE INTERMEDIATE-COMPOUND NUCLEUS 
IN NUCLEAR REACTIONS* 


William D. Harkins 

University of Chicago, Chicago, III . 


Fundamental Concepts Regarding the Nucleus 

Synthesis of Nuclei. In 1926, the writer introduced into nuclear science 
an entirely new concept: that what had been considered as an artificial 
disintegration is actually the artificial synthesis o£ a new, heavier nucleus. 
This nucleus disintegrates after a certain life period, which is usually 
short. 

In 1919, Rutherford found that the long-range particles, earlier shown 
by Marsden to be produced when a-particles are shot into hydrogen, 
are hydrogen nuclei (now designated as protons) and showed that the 
range is very much longer when nitrogen instead of hydrogen is bom¬ 
barded. This indicated that a nuclear disintegration had occurred in 
which one product was the proton. The natural assumption was that 
the kinetic energy of the fast a-particle was so large that the nitrogen 
nucleus was broken into two parts by the collision, or 

7 N“-* 6 C 13 + iH 1 

Later this became known as disintegration by noncapture. The writer 
considered that the mechanism might not be as simple as this and re¬ 
sorted to photography to determine what the process actually is. The 
results of this work indicated to the writer that the primary process is a 
nuclear synthesis. 

Composition of the Nucleus. Any atomic nucleus consists of P posi¬ 
tively-charged particles, or protons, and N uncharged particles, or neu¬ 
trons. Both particles are designated as nucleons. The mass of the proton 
is 1.008123 and of the neutron 1.00893, when the nucleons are free. 
However, the mean mass of nucleons becomes close to 1.000 when bound 

* Nuclear structure fixes the chemical nature of all atoms and therefore determines 
their behavior in building up units at colloidal levels of structure. To understand 
radioactivity, we must descend to the nuclear level.— Ed. 
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into nuclei heavier than that of nitrogen (m = 14.00751), as compared 
with the mass of the most abundant isotope of oxygen taken as 
16.000000. 

From the standpoint of ordinary chemistry an important feature of 
the nucleus is the number (P) of protons ( p + ) which it contains, since by 
the principle of electrical neutrality the number of electrons in the outer 
atom must be equal to the number of protons in the nucleus. The 
chemical and physical properties of material are related to the number 
of electrons in the atom, and exhibit a periodic relation expressed in the 
decade 1860-70 by the periodic system of Mendelejeff and others. The 
principal periods of this system are expressed by the numbers 2, 8, 18 
and 32. 

An entirely different periodic system of atomic nuclei was developed 
by the writer between 1915 and 1923. Here the principal period is 2, as 
in the outer atom, but the other special numbers related to nuclear 
properties are different from those outside the nucleus. This system will 
be considered below. 

Packing Effect and Heat of the Sun and Stars. In 1915 and 1921, 
Harkins and Wilson advanced the theory that the source of heat in the 
sun and stars is a nuclear reaction in which four atoms of hydrogen are 
transformed into one of helium. The mass of the hydrogen atom as 
given above is 1.008123, or that of four hydrogen atoms, 4.032492. The 
mass of the helium atom is 4.00390, so that the loss of mass in the trans¬ 
formation of hydrogen into helium is 0.03159 gram for 1 gram-atom of 
helium. According to the special relativity theory of Einstein this loss 
may be transformed into units of ergs of energy by multiplying by c 2 , 
where c is the velocity of light (2.99776 x 10 10 cm per sec). Thus 

E = A me* - 0.03159 X (2.99776) 2 X 10 20 
- 0.28388 X 10 20 ergs 
= 6.7816 X 10 11 mean calories 

is the heat liberated by the formation of four grams of helium. It was 
thereby shown that the heat developed in the sun and stars is, per 
pound of hydrogen consumed, equal to that produced by burning 
10,000 tons of coal. In the atomic bomb, a pound of uranium 235 gives 
as much energy as the combustion of 1500 tons of coal. Thus hydrogen, 
per unit weight, gives about seven times more energy than uranium 235. 

Either a proton or a neutron in a nucleus is designated as a nucleon. 
Since the average mass of a nucleon in a nucleus is very close to 1.000, 
what is known as the integral mass A gives the number of nucleons in 
the nucleus. The largest number of nucleons in any stable nucleus is 
209 in bismuth, but this rises to 242 in curium, which is unstable and 
gives off a-particles. The smallest number of nucleons in any stable 
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nucleus is one for the proton. It is also one for the neutron, which is not 
stable as a separate entity. 

Size of the Nucleus. The radius of the proton or of a neutron is 
about 1.5xl0~ i:] cm. Since in a complex nucleus the nucleons are 
closely packed, the approximate radius is given by 

R - 1.5 X lO^M^cm 

If calculated on this basis, the radius of the bismuth nucleus is found 
to be 7.9xi0~ 1!l cm, and the diameter, 1.58 x 10“ 12 cm. The unit 10" 12 
cm, when squared, gives 1()~- 4 cm 2 per nucleus, which is now designated 
as a born, so that: 

1 born — 10~ 24 cm 2 /nucleus 

and this unit is used in designating the cross section of a nucleus. A 
very common diameter for a moderately small molecule is 3 X 10" 8 cm, or 
the volume is of the order of 27 x 10“ 21 cm 3 . 

If we take the volume of the oxygen nucleus as 1.7 x 1(H 7 cm 3 , the 
volume given above for an atom is about 10 14 larger. Thus the density 
of nuclear material is of the general order of 10 14 times larger than that 
of ordinary solid substances. The density of a nucleus is of the order of 
5x 10 14 , or one cu cm of neutrons and protons, if these could be tightly 
packed as spheres, would have a mass of 3.7 xlO 14 grams of 370 
million tons (metric) or 3.7 xlO 11 tons per cu meter. Thus a cube with 
an edge of 250 meters would have the mass of the earth, or a lady's 
thimble would hold about 200 million tons of nuclear material. The 
thimble, on this basis, would hold the material of 2300 great ships of 
the mass of the Queen Elizabeth, the largest vessel in the world. 


Intermediate-Compound Nucleus Formation and 
Its Consequences 

Synthesis and Disintegration as Separate Processes. The early work 
(1919-23) of Rutherford on the artificial disintegration of the nucleus 
was carried out by observing the scintillations on a zinc sulfide screen 
caused by long-range protons. This gave no knowledge of the mechan¬ 
ism of the process and the natural assumption was made that the 
kinetic energy of the fast a-particles was sufficient to split the nucleus 
into two fragments. In 1923, Harkins and Ryan 1 suggested a method 
by means of which the mechanism could be determined. This consisted 
in bombarding nitrogen, or another gaseous material, in a Wilson cloud- 
track apparatus, with very fast a-particles from thorium C' with a ve¬ 
locity of 0.0688 c=2.06x 10 9 cm sec 1 . Table 1 indicates that the highest 
kinetic energy for any of the a-particles listed is less than i/ 3 the energy 
of formation of an a-particle from protons and electrons. The velocity 
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of light is expressed by c . Thus the a-particle from the thorium C' used 
in the work at the University of Chicago has an initial velocity of 
12,200 miles per second. 

Table 1. Energy of Alpha-Particles 

Energy of formation of 1 gram-atom of helium from 4 gram-atoms of hydrogen 
= 2.8 X 10 19 ergs (—4.6 X 10” 5 ergs per atom of He) 


Source of 

Velocity 

Kinetic Energy 

ce-Particle 

(c) 

(per particle X 10 B ) 

(per gram-atom X 1 ()-»*) 

Po 

0.0523 

0.812 

4.92 

Ra C' 

0.0641 

1.218 

7.38 

ThC 

0.0572 

0.970 

5.88 

Th C' 

0.0688 

1.404 

8.51 


The first paper which considered that a nuclear disintegration is pre¬ 
ceded by an artificial synthesis, written in 1926, antedated any other on 
this subject by ten years, during which time all theoretical physicists who 
considered the subject opposed the theory. Two steps were described in 
this paper: (1) The first step is the synthesis of a new and Jheavier 
nucleus, the whole-number mass of which is the sum of the whole- 
number masses of the two nuclei which unite, and the charge of which 
is equal to the sum of the charges of the two nuclei. (2) The disintegra¬ 
tion of this nucleus is a later, independent event. The title of the paper 
was: “The Synthesis and Disintegration of Atoms as Revealed by the 
Photography of Wilson Cloud Tracks.” Initially an attempt was made 
to find the track of the intermediate nucleus in the photographs, 
although it was recognized that this is in general impossible on account 
of its short life and resultant shortness of track. 

The nucleus synthesized in the first step is designated as the inter¬ 
mediate nucleus because it disintegrates later and is an intermediate 
state between the initial and final nuclei. It is designated also as a 
compound nucleus to indicate that it is a compound formed by the col¬ 
lision and union of two lighter nuclei. The first synthesis investigated 
in this laboratory was that of F 1S from N 14 and He 4 , or 

7 N 14 + 2 He 4 ->; 9 F 18 * (1) 

where the asterisk indicates that the fluorine nucleus is in an excited 
state in which it contains an excess of energy. This will cause it to dis¬ 
integrate later. The idea developed was that this excited nucleus may 
now disintegrate in any one of a number of possible ways . One pos¬ 
sibility is: 

sF i8*-» 8 0 17 + je-p + k.e. (2) 

in which k.e. indicates the amount of energy liberated. Obviously it 
cannot disintegrate in any way which would increase the energy. This 
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type of disintegration is illustrated by Figures 1 to 4. Disintegration may 
also occur to give the initial particles: 

9 F 18 *- > 7N 14 + 2 He 4 + k.e. (3) 

A third method of disintegration is: 

9F 18 * - > 8 0 17 + + e + -f- k.e. (4) 



Figure 1. Two views at right angles of the noneiastic collision in which the intermediate nu¬ 
cleus oF* 8 * is formed. At the left of each view an a-particle impinges upon the nucleus of a 
nitrogen atom and unites with it. An extremely faint straight track extends horizontally to the 
right of the fork and is due to a proton or H-particle emitted at high speed. This has a 
range 19.6 cm in air at 15° and 760 mm pressure. The track of the oxygen atom which is 
formed slants upward to the left from the fork. The left-hand view is overexposed as a result 
of an irregularity in the lighting, but the track of the H-particle is easily visible on the original 
negative. 

Characteristics of the Fork 

<j> 0 Ra Va + IO" 8 Vp-HO" 8 % Vn X10"” £«/£. 

F ° rk 118° 32' 15° 21' 6.3 1.86 2.7 19.6 0.534 0.43 0.89 

R = remaining range of a-particle; the distance the a-particle would have traveled beyond 
the point of the fork if the collision were not incurred. 

V — velocity of the a-particle in cm per second immediately before the collision. 

Vp = velocity of the proton immediately after its escape from the heavy nucleus. 

Rp == range of the proton, or H-particle. 

Vn =r velocity of the oxygen nucleus immediately after the escape of the proton. 

Rn — range of the nucleus of the oxygen atom. 

E 3 /£i= kinetic energy of the H-particle plus that of the oxygen atom, divided by the kinetic 

energy of the a-particle immediately before impact. l-Ea/Ei represents the loss of kin¬ 

etic energy due to the nonelastic impact, and is presumably stored up in the oxygen 
nucleus of mass 17. 
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PRODUCTS 

Figure 2. Formation of O 17 and H 1 by the disintegration of F 18 , 
the intermediate nucleus formed by the impact of He 4 with N 14 . 
Open circles are neutrons; circles with plus signs, protons. At higher 
energies the excited fluorine nucleus disintegrates in two ways: 
(1) that given in the diagram, and (2) to form a neutron and posi¬ 
tive electron in place of a proton (H 1 ). Inner circles represent only 
composition. 



in which a neutron and positive electron are emitted in place of the 
proton of equation (2). 

It was pointed out by the writer that the relations of equations (2) 
and (4) give excellent evidence in favor of his theory of the intermediate 
nucleus. At low velocities of the helium nucleus (a-particle), the nitro- 
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gen nucleus is not penetrated, so that the first synthesis does not occur 
and a disintegration cannot result. As the velocity, and therefore the 
kinetic energy, of the a-particle increases, the synthesis begins to exhibit 
itself (Figure 9). 

Although the existence of such an intermediate compound nucleus 
was, as stated previously, proposed by the writer in 1926, physicists did 
not accept the theory until ten years later. Their point of view was in 
general that expressed by Rutherford, Chadwick, and Ellis in 1930 as 
follows: 3 “It has been suggested by Chadwick and Gamow, partly on 


Figure 4. Earliest photograph in which 
a thin sheet of solid was set across the 
chamber. Below: Tracks of a-particles; 
sheet used aluminum. Above: A proton 
gives a faint track. 

„AI 27 4- aHe 4 -» , 5 P 31 * -» uSi 80 + iH 1 



general grounds and partly on the basis of experiments by Chadwick, 
Constable, and Pollard, that the process of artificial disintegration of 
a nucleus by collision of an a-particle may take place in two ways: (1) by 
the capture of the a-particle by the atomic nucleus and the emission of 
a proton, (2) by the ejection of a proton without the capture of the 
a-particle. In the former case the a-particle must penetrate into the 
nuclear system, in the second case it seems likely that the disintegration 
would arise mainly from collisions in which the a-particle does not 
penetrate into the nucleus.” This same point of view was also favored 
by Gamow in 1932. 3 

An apparent confirmation of the author’s viewpoint came as the in- 
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direct result of a great discovery: that of the neutron by Chadwick 4 
(described in a later section of this paper). 

Why Noncapture Nuclear Disintegration Cannot Occur. It was ob¬ 
vious that if noncapture disintegrations occur, the theory of the inter- 



Figure 5. First neutron found in 
America. (Described in Figure 6.) 


Figure 6. This figure gives the actual dimensions for 
the capture (Figure 5) of a neutron (dotted line) by a 
nitrogen nucleus of mass 14 (upper end of dotted line) 
to give a nitrogen atom of mass 15, which disintegrated 
into a B u atom with a track 2.2 mm long and a He 
atom (track 12 mm long). The neutron had a velocity of 
1.89 X TO 9 cm per second, and an energy of 3.00 million 
electron volts, and passed in a straight line through 9 mm 
of lead, 16 mm of glass and 64 mm of air. The velocity 
corresponds to 14,700 miles per second. This was the first 
neutron found in America. Source was Be + RaTh. 


fZmm 



4 mm 
Radius 


mediate nudeus must be invalid. Therefore it was essential to show 
that (1) the disintegration of nitrogen by noncapture of the neutron, 
as assumed by nuclear theorists, including those at Cambridge, does not 
occur, and (2) that the energy relations are unfavorable to disintegra¬ 
tions of this type. With reference to (1) it was shown that the disin¬ 
tegrations assumed to occur by noncapture actually occurred by capture. 
Feather, 5 who cooperated with Chadwick in obtaining Wilson cloud- 
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track photographs of collisions of neutrons with nitrogen, found two 
apparent types of disintegration: In less than one-half the cases the 
beryllium source of the neutrons was in the plane of the two tracks of 
the a-particle and the B 11 nucleus which were produced. These he 
assumed to represent disintegrations by capture of the neutron. “The 
remaining cases” states Feather, “obviously represent disintegration 
without the capture of the neutron.” 



Figure 7. One of two almost identical photographs taken at right 
angles. This represents the disintegration of N 14 by a neutron. Position 
of the source is such that if the neutron is not scattered, the disinte¬ 
gration must have been by noncapture, as assumed at Cambridge. 
However, actually it is due to the impact of a neutron which has been 
scattered in the apparatus and represents an event which occurred by 
capture. 


Figures 5, 6, and 7 represent one of two views, at right angles, of 
tracks obtained with nitrogen. The long track is that of an a-p ar< id e 
and the short track that of a boron nucleus. By noncapture the reaction 
would be: 

7 N 14 + k.e.-> 2 He 4 + r ,B 10 + k.e. (5) 

14.00751 0.003 n 4.00390 10.01618 

14.02008 

Am ~ 0.01257 + Ak.e. 

However, if the intermediate nucleus is involved: 

7 N 14 + orc 1 + k.e.-> 7 N 15 * 

14.00751 1.00893 0.003 15.01944 

3 N i5*-* 2 He 4 + fiB 11 + k.e. 

15.01944 4.00390 11.01284 0.00270 

m = -0.00270 
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The numbers under the symbols represent the masses of the atoms. The 
kinetic energy of the neutron amounts to 0.003 unit of mass. Disintegra¬ 
tion by noncapture [equation (5)] cannot occur since 0.01257 unit of 
mass (13.6 million electron volts of energy) would have to be created. 
If an intermediate nucleus is formed, the decrease in mass is 2.7 mg, 
which indicates that the reaction can proceed. 

A further study of all of the reactions which were supposed at Cam¬ 
bridge to occur by noncapture disintegration, showed that they actually 
occur by capture. What caused the apparent discrepancy was that in 



Figure 8. (a) Diagram of disintegration of nucleus B by capture of 
projectile A directly from source, (b) Diagram of the same disintegra¬ 
tion by capture as for (a), except that projectile is first deflected by a 
nucleus in neighboring material, (c) Diagram of disintegration (which 
never occurs) of nucleus B by noncapture of projectile A directly from 
source. 


every case of this type the neutron was scattered by a nucleus in the ap¬ 
paratus, before it united with a nitrogen nucleus to form the inter¬ 
mediate nucleus -N 15 *. Figure 8 compares diagrammatically the meth¬ 
ods of disintegration. 

A general formulation of the effect of a projectile P upon a target 
nucleus T to give an excited intermediate nucleus /*, which later (say 
10“ 17 second) disintegrates into C and D, is 

r + P-> 7*- >C + D 

The following eleven paragraphs represent the state of the theory of 
the intermediate nucleus as expressed in 1934. 

(1) The fundamental theory is that the intermediate nucleus has an actual life and 
a separate existence. 

(2) The life period of any definite intermediate nucleus is independent of the com¬ 
ponents from which it has been formed, provided it is in a definite excited state, but 
the state of excitation depends upon both the kinetic and mass energies of these 
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components. For example C 12 *, whether formed from B 10 + H 2 ; B 11 + H 1 ; or from 
Li 6 + Li 6 , should have the same half-period, provided the sum of the mass energy 
and the kinetic energy is the same in all three cases. 

(3) The life period depends upon the particular excited state of /*, on the energy 
of this state, and upon the nature and the energy states of its possible products. 

(4) When any definite intermediate nucleus is formed by the union of two definite 
nuclei the life period may in general be expected to decrease as the energy of the 
projectile increases. From the quantum viewpoint this is due to the general broadening 
of nuclear levels as the nuclear energy increases. On the classical basis it may be 
explained by the assumption that the greater the internal energy of the nucleus, the 
greater is the probability that a single particle (or group of particles such as [(«jb)a] 
should, in any stated interval of time, be given enough energy to allow it to escape 
from the nucleus. On this basis, the energy would be that of vibration, and the case 
becomes similar to a monomolecular reaction as considered in chemical kinetics. 

(5) The intermediate nucleus /* may disintegrate into the components T and P, 
as well as into other particles. 

( 6 ) On account of the low decimal mass of helium (0.0034 or 3.2 mev) the emission 
of helium is favored rather than of protons or neutrons, from the standpoint of the 
masses involved. Other relations and selection rules are considered later. 

(7) According to the theory, the total number of disintegrations into nuclei must 
be equal to the number of syntheses of the excited intermediate nucleus minus the 
number of these nuclei which return to a stable state by 7 -ray emission alone. Here 
disintegration into either heavy particles, or into negative and positive electrons is 
considered, but with light nuclei it is well known that heavy particles, such as neu¬ 
trons, protons, a-particles, etc., are almost always emitted by the first or primary 
intermediate nucleus. An illustration of a case in which an electron is emitted, but 
not a heavy particle, is the following: 


eC 12 + iH 1 - 

-* 7 N 13 * 

( 6 ) 

7 N 13 *- 

» 7 N 13 * + y 

(7) 

7 N 13 *- 

* 6 C 13 + ,e° 

( 8 ) 


Here, however, the primary excited intermediate product emits a part of its energy 
of excitation and changes into an unstable form. This intermediate, which has a 
half-life of 660 seconds, emits a positive electron. 

( 8 ) From (5), the total number of disintegrations is, in a secondary sense, depend¬ 
ent upon the nature of the constituents, T and P, including their energies, but is 
independent of the nature of the products, C and D, formed by the disintegration. 

(9) The types of disintegration which occur, and their corresponding widths of 
level, depend upon the state of the intermediate nucleus, particularly upon its energy, 
and the angular momentum. 

(10) The disintegration of the intermediate nucleus /* may occur in steps, so that 
a second intermediate nucleus /'* is formed. 

(11) The lifetime of the intermediate nucleus is often 10 -17 to 10~ 16 second. 

More recently Wheeler 0 gives the life period for the intermediate 
nucleus Be 8 as lO- 17 to 10‘ 15 second for an energy of 125 kev and a width 
of from 1 to 100 ev. When y-rays are emitted, the lifetime is 10" 14 to 
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10" 13 second. In general, the life period is of sufficient length to produce 
equipartition of energy through the nucleus. The long life period of 
the compound nucleus as compared with the characteristic time, i.e., 
the period if no compound nucleus were formed, which is about 10' 22 
second, is due to the fact that fluctuations, in which a large part of the 
energy becomes concentrated upon one nucleon or a small group of 
nucleons, are rare. In the case of fission, the two groups of nucleons are 
large instead of small. In considering the decay for a charged particle 
such as a neutron or proton, the potential barrier reduces the rate of 
decay, thus giving a longer life period. 

Noncapture disintegrations do not occur because, unless the projectile 
penetrates the nucleus, not enough energy enters so that sufficient energy 



Figure 9. The short track of this photograph rep¬ 
resents the first radioactive nucleus ever produced ar¬ 
tificially. It is a nitrogen nucleus of mass 16 which is 
definitely outside the range of nuclear stability and 
thus disintegrates, giving off a negative electron, into 
oxygen 16. 

»F'° + on 1 —»„F“* -> 2 He 4 + ,N“ ,N“ -*■ s O“ + /} 

radioactive 


can concentrate itself on a single particle (or group) to cause its emis¬ 
sion. From the standpoint of theory this may be true up to very high 
energies, possibly in some cases up to an energy as high as a billion 
electron volts (1 Bev) for the projectile. 

Nitrogen 16—the First Artificially Produced Radioactive Nucleus. Im¬ 
mediately upon discovery of the neutron in 1932 by Chadwick it was 
assumed in this laboratory that if a fast neutron were to act upon a 
fluorine atom of mass 19, it would form a fluorine nucleus of mass 20 as 
the intermediate nucleus, which would then disintegrate into He 4 and 
N 16 . The intermediate nucleus would have a ratio of neutrons to pro¬ 
tons (A I/P) of 1.286. Since this ratio is far above the range of stability 
in that region, further disintegration would occur; a negative electron 
would be given off to form a nucleus of oxygen of mass 16, in which the 
ratio is unity. 

When this experiment was tried in a Wilson cloud chamber by filling 
the chamber with a gaseous fluorine compound, it was found that the 
above assumption was correct. In Figure 9 is shown a track of the first 
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radioactive nucleus ever produced artificially. This discovery was made 
in January, 1933, and was reported to a conference of the Century 
of Progress Exposition held in June, 1933. 7 

Evidence for the Existence of the Intermediate-Compound Nucleus. 
When, in 1934, the writer presented the above relations in the form of a 
paper to the Physical Review for publication, Bethe did not allow its 
publication on the ground that it is impossible for such an intermediate 
nucleus to have any existence whatsoever. There was much evidence that 
this statement is incorrect; there is no space here for all of the extensive 
evidence now available. It may be almost sufficient to say that at the 
present time no nuclear physicist, either theoretical or experimental, 
denies the existence of the intermediate nucleus. 



Figure 10. Excitation curve for the action of helium on nitro¬ 
gen. Curve A gives proton emission; curve B, neutron and posi¬ 
tive electron emission. (Work of Haxel.) 


Possibly the first definite evidence of the existence of the intermediate 
nucleus was given in the early ’30’s by the work done at the University of 
Chicago laboratory on the disintegration of nitrogen by neutrons, 8 As 
cited earlier, it was proved that all of the disintegrations of nitrogen 
obtained by the action of fast neutrons involved the capture of the 
neutron and none of them were obtained by noncapture. 

One of the best evidences for the intermediate nucleus is found in 
the impacts of high-speed a-particles on light nuclei, in which (above 
the energy at which disintegration does not occur) the total yield of 
disintegration processes is moderately independent of the velocity of the 
incident particles. This is especially indicated in cases where protons 
or neutrons are released as a result of collisions (Figure 10). In such 
cases it is found that the sum of the yields of protons and neutrons is 
quite constant over a large range of a-ray energy, even though the 
individual yields of protons and neutrons may vary greatly. Particu¬ 
larly in point is the effect of high-speed a-particles upon nitrogen nuclei, 




16 


COLLOID CHEMISTRY 


as carried out by the use of the Wilson cloud chamber in the University 
of Chicago laboratory from 1923 to 1926. It was this investigation 
which gave rise to the idea that the a-particle is in every instance cap¬ 
tured to give an intermediate fluorine nucleus of mass 18 and charge 
9, i.e., the sum of the masses 14 plus 4 and the charges 7 plus 2. Later 
this investigation was extended to higher energies by Haxel. 0 The re¬ 
sults are exhibited in Figure 10, where A represents the number of 
protons emitted, and B the number of neutrons emitted in a definite 
total number of events. From the theory of the formation of an in¬ 
termediate compound nucleus, an increase in the number of neutron 
emissions ( B ) should decrease the number of proton emissions (A) by 
the same number. The figure shows that this prediction is valid. 

When the action of fast protons on B 11 was investigated at Cam¬ 
bridge in 1935, 10 the reaction was given as 

3 11 + X W -» 3 a He 4 

The writer interpreted this as corresponding to the reaction series: 


sB 11 + 1 H 1 - 

-* 0 C 12 * 

(9) 

6 C 12 *- 

* 2 He 4 + 4 Be** 

(10) 

4Be 8 *- 

♦ 2 He 4 + 2 He 4 

(11) 


It was found later that the momenta of the two helium nuclei in reac¬ 
tion (11) were equal to each other when based on the position of the 
intermediate Be 8 *, but that the momentum of the helium nucleus in 
equation (10) is not related definitely to the momenta of the other 
two. This shows that two independent reactions are involved and that 
the intermediate nucleus, C 12 *, is actually formed. When a very high- 
energy proton is used, the lifetime of the Be 8 * is exceedingly short. 

The Intermediate-Compound Nucleus and the Fission of Uranium 
236 or of Plutonium 240. In a nuclear transformation the first step is the 
formation of an excited nucleus, as follows: 

P+T ->C* (12) 

Then C* must get rid of its excess energy by some type of change in 
which it loses energy, so that: 

C*-* D + E. 

If E is excited, a second disintegration occurs (Figure 2). For the fission 
of uranium or of plutonium, the first step is the formation of the ex¬ 
cited nucleus which is to split into parts. This is done by the addition 
of a neutron ( 0 n 1 ) 3 as follows: 

92U23S _|_ W 1-» 92 U236* 

94PU 2 ® + 0 n 1 -» 94PU 240 * 
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Since the disintegration by fission o£ these intermediate nuclei is of one 
type, only the fission of U 23(i will be considered here. 

In its fission, the nucleus seems to split into two unequal parts of 
masses 127 to 154 for the heavier fragment and 115 to 83 for the lighter 
fragment. However, most of the masses lie between 134 to 144 for the 
heavier and between 90 and 100 for the lighter fragment. Inspection of 
Figure 12 shows that for U 230 the ratio of neutrons to protons in the 
nucleus is 1.566, while in the range of mass from 134 to 144 even the 
highest ratios are in general 1.5 or less, and for mass numbers 90 to 
100 the highest ratios of any of the isotopes are about 1.4. Thus, if the 
two atoms formed in the end as the result of any fission have the 
highest number of neutrons for stable isotopes, there are still neutrons 
to be accounted for. 


Figure 11. A nuclear transformation in 
which several intermediate nuclei are in¬ 
volved. 



The process of fission may be considered analogous to what would 
occur if a charged water drop were to be set into strong vibration. This 
would result in the separation of the drop into two parts, but initially 
with a neck, or cylinder, of water between them. The neck then segre¬ 
gates into several minute water droplets. In the fission of U 23n , it may 
be assumed by analogy, that the “droplets” formed are neutrons, 1 to 3 
in number. The loss of this number is not sufficient to assure the stabil¬ 
ity of the two atoms formed as fragments. Therefore, these nuclei must 
expel neutrons, although the expulsion may be “delayed” for a period 
of moderate length. Another method of getting rid of extra neutrons 
is for the neutrons in the nuclei to lose negative electrons, thus convert¬ 
ing neutrons in the nuclei into protons. It may be supposed that the 
“delayed” neutrons, observed to be given off after the fission occurs, 
are expelled after the emission of one or more negative electrons, since 
the life of atoms in electron emission is much greater in general than 
that for neutron emission. Although the water-drop model is used 
above to illustrate fission, nuclei in general seem to be more closely 
similar to minute crystals. 

The history of the discovery of the fission of heavy atomic nuclei 
into two nearly equal parts is of extreme interest but cannot be related 
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Figure 12. Ratio: (N/P) of neutrons to protons in atomic nuclei. 
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fully here. The lightest atoms such as the neutron, the hydrogen atom, 
or the atom of heavy hydrogen have masses higher than their respective 
whole numbers, in the case of the neutron by 0.9 per cent, and for 
hydrogen of unit mass by 0.8 per cent. The atomic weight of oxygen 
is a whole number by definition. As the atomic mass becomes higher, it 
falls below that of the corresponding whole number with extreme 
slowness; thus when barium of masses 130 to 138 is reached, the atomic 
mass has fallen to about 0.08 unit below the whole number. Above this 
mass range, the negative deviation from a whole number becomes 
smaller, so that when mercury of atomic weight 200 is reached, it is 
almost exactly at the whole number again (mass 200 = 200.016). Above 
this, the positive departure from a whole number increases rapidly, and 
the mass of U 236 may be given as 236.093. 

If U 230 were to split into two parts, it would lose the excess of mass 
over a whole number (0.093) and also 0.08, the defect in the mass, or 
0.173, which is the sum of these. However, on the average, two neutrons 
are lost in the process, and these have an excess mass of 0.018, so that 
the loss of mass experienced by any 235 grams of uranium used in the 
bomb would be 0.155. This factor multiplied by c 2 gives 1.4 x 10 20 ergs, 
or 3.4 x 10 13 calories, which amounts to 2.7 X 10 20 ergs, or 6.6 x 10 13 calo¬ 
ries per pound. The temperature thus given by the bomb is many mil¬ 
lion degrees and the pressure many millions of atmospheres. However, 
the efficiency is not perfect, since not all of the uranium or plutonium 
atoms in the bomb undergo fission, and the temperature is so high that 
a considerable fraction of the energy may escape as radiation, which, 
although it gives pressure, is relatively ineffective as compared with the 
motion of the molecules. 

One of the most prominent properties of the neutron, due to its ab¬ 
sence of charge, is that it can pass through an enormous number of 
other atoms without deflection, unless it strikes a nucleus. Since, on the 
average, about two neutrons are emitted by each fission and only one is 
needed to produce the fission of one nucleus, and since, in addition, the 
reaction is exceedingly fast, the number of neutrons and also the num¬ 
ber of fissions increase with extreme rapidity, provided no neutrons 
escape. However, unless the body is moderately large (preferably spher¬ 
ical), so many neutrons escape that, on the average, less than one of the 
neutrons produced by a fission is effective in uniting with a nucleus 
to give another fission, and the reaction dies out. If the body is larger 
than this “critical volume” (highly dependent upon the shape), the 
reaction proceeds. The term, chain reaction, has been employed to de¬ 
scribe the phenomenon, although this is somewhat different from the 
prior use of this expression in chemistry. 
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The Intermediate-Compound Nucleus and the Hydrogen Bomb. It 
has been decided to construct a hydrogen bomb, if this is possible. A 
group of scientists have stated that the particular isotope chosen is 
deuterium, which is hydrogen ot mass 2. This decision is obviously 
based on two principal factors: (1) the isotope of hydrogen giving the 
greatest evolution of energy on reaction with itself (tritium) and (2) 
the most economically obtainable isotope, considering both cost and 
efficiency (deuterium). The choice of deuterium for the bomb is a com¬ 
promise between these two factors. 

In 1915, Harkins and Wilson made the first calculation of the energy 
developed by any nuclear reaction or group of reactions in order to 
determine whether the conversion of hydrogen into helium would give 
a sufficient amount of energy to heat the sun and the stars. They as¬ 
sumed that hydrogen, the most abundant element in the sun and stars, 
is converted into helium, the second most abundant, with a loss of 
mass of 0.0S gram per 4 grams of helium produced. By the Einstein 
relation the energy liberated would be £=0.03 c 2 in which c, the veloc¬ 
ity of light, is 3xl0 10 . This gave as the energy liberated 2.8 xlO 19 ergs 
or 6.7 X 10 11 calories for each 4 grams of helium produced. At that time 
astronomers did not favor this theory, since they considered that it did 
not give enough heat. If one pound of hydrogen reacts in the sun to form 
helium of mass 4 the amount of heat evolved is equal to that given by 
the combustion of 10,000 tons of coal. However, it was recognized that 
the hydrogen nucleus or proton is so exceedingly small (as previously 
stated, the radius of the proton is about 1.5 X 10~ 13 cm), that it would be 
impossible for more than two protons to react with each other in a 
sufficiently short time to give a nucleus heavier than a mass of 2 in a 
single reaction. Thus the only possible reaction would be that in which 
H 1 plus H 1 is converted into H 2 and a positive electron. This reaction 
does not give a sufficiently large evolution of energy. 

Deuterium would be ideal for the bomb if it would react as follows: 

H 2 + H 2 -> He 4 

to give a stable helium nucleus; but it does not do this. As mentioned 
earlier, in 1926 Harkins showed that all such nuclei are intermediate in 
the sense that they are excited and after an extremely short life dis¬ 
integrate into two products. Actually, the reaction is: 

H 2 + H 2 ->He 4 * 

He 4 *- > He 3 + n 4- 4 mev 

or ^ H 3 + H + 4 mev 

Thus only 4 mev is liberated from the intermediate He 4 *. If tritium 
(H 3 ) were to be used, the reaction would be 
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H 3 + H 3 - > He 6 * 

He 6 *-> He 5 * + n 

He 5 *-> He 4 + rc 

In this case two neutrons are liberated and the energy produced is 
11.4 mev, so that tritium would give nearly three times as much energy 
as deuterium. If one tritium nucleus could be combined with one 
deuterium nucleus, one neutron would be given off and 17.6 mev would 
be liberated. The choice of deuterium is a compromise made on account 
of the fact that it is very much simpler to produce and very much less 
expensive than tritium. 



Figure 13. Abundance of the elements as a function of the number of protons (P), atomic 
number, in the nucleus. In almost every case, each even number of protons gives an extremely 
higher abundance than is exhibited for either of the adjacent odd numbers. Above P equals 43, 
two different sets of data were used, and one of these is represented on a magnified scale in 
the upper plot. 


Nuclear Determination of Atomic Stability and Abundance 

Stability of Atomic Nuclei and the Abundance of the Elements. In 
1913, the writer began a statistical study of the atomic weights then 
known. The results indicated several relations of interest. The atomic 
weights (actually mean values for the element) were found to be so 
close to whole numbers for elements 2 to 28 inclusive that several 
conclusions seemed inevitable, as given in paragraphs (1) to (3) below. 
The general theory of nuclear structure advanced at that time by the 
writer was sufficiently fruitful to give rise to several other predictions, 
which were verified later [statements (4) to (6) below]. 
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(1) The masses of the atoms are extremely close to whole numbers, 
with the exception of that of hydrogen (whole-number rule). This was 
confirmed by Aston in 1919 and later. 

(2) Any considerable departure of the atomic weights (when correct) 
of the elements from a whole number was taken to indicate a mixture 
of isotopes. This conclusion was confirmed in the case of chlorine, atomic 
weight 35.46, by the separation of the element into isotopes. 



Figure 14. Abundance of the atomic species as a function of the number of neutrons in the 
nucleus. Almost universally each even number of neutrons gives a very much higher abundance 
than either of the adjacent odd numbers. 


(3) It was found that for elements of even atomic number above 26 
(even number of protons in the nucleus) the atomic weights are no 
closer to whole numbers than they should be by chance. Thus, for each 
of these elements there should be many isotopes, while the odd elements 
were indicated as having only one, or very few, isotopes. Later, this also 
was confirmed by Aston. 

(4) The theory predicted that elements of even atomic number 
(P=even) should be much more abundant than those of odd atomic 
number. When this was investigated, it was found that in the meteorites 
(Figure 13 gives similar relations for the universe) the elements of even 
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atomic number are seventy times more abundant than those of odd 
number, while in the surface of the earth and the sun this ratio is about 
ten to one. Also, the stars, in so far as they have been investigated, seem 
to exhibit a decided preference for elements of even number. Thus, 
atomic nuclei which contain an even number of protons are much more 
stable than those in which the number is odd. 

(5) An equally prominent relation is that in almost all stable nuclei 
the number of neutrons is even (Figure 14). Thus, in so far as the 
abundance of atomic species has been determined, 99 per cent of all 
the atoms in the earth’s crust have nuclei which contain an even num¬ 
ber of neutrons. This relation became apparent to the writer in 1921, 
when he developed a formula for all nuclei as follows: 

(pn) z n t 

in which p is a proton; n, a neutron; z, the atomic number; and i, the 
isotopic number. The isotopic number gives the excess in the number 
of neutrons above that for atoms whose nuclei contain equal numbers 
of protons and neutrons. 

(6) Thus, there are almost no atoms with an odd number of both 
neutrons and protons whose nuclei are stable: only about one atom in 
ten thousand on earth. This is an extremely remarkable relationship 
(see Table 2). 

Table 2. Relative Number of Nuclei per Element 
Elements E-E E-O O-E 0-0 

8 to 29 1,000,000 6,800 6,400 0 

30 to 92 28 2.8 1.3 0 

E * even nucleus O = odd nucleus 

The Equivalence of Protons and Neutrons. If the abundance of the 
atomic species in the universe is considered # with reference to the 
number of protons and of neutrons in the nucleus, a very remarkable 
relationship emerges. This relates the evenness or oddness of the num¬ 
ber of protons or neutrons in nuclei (Table 2). In this figure the aver¬ 
age number of nuclei per element from element 8 (oxygen) to 29 (cobalt) 
is arbitrarily placed at one million. These may be considered as even- 
even nuclei. If the number of protons is even and of neutrons odd, 
this value sinks to 6800, and the number of odd-even nuclei becomes 
6400. These two numbers are equal within the limits of accuracy of 
our knowledge of the abundance of the atomic species. Thus it is found 
that it has been a matter of indifference in nature as to whether even- 
odd or odd-even nuclei are formed. Another extreme shrinkage in the 

* The writer wishes to thank Harrison S. Brown for allowing him to see his recent 
summaries on the abundance of the atomic species before publication. These have 
been of much use in bringing the data up to date. 
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number occurs if we consider for these elements the number of odd-odd 
nuclei, since this value becomes zero; i.e., there are no atoms of ele¬ 
ments 8 to 29 whose nuclei contain an odd number of protons with an 
odd number of neutrons. 

Another remarkable relationship is exhibited when elements 30 to 92 
are considered. Here the relative number of even-even nuclei is decreased 
from one million for the lighter elements to only 28. This indicates that 
in the building of atoms excessively more light than heavy atoms have 
been produced. The number of even-odd nuclei is now one-tenth of that 
of the even-even nuclei, since it is 2.8. The number for odd-even nuclei 
becomes 1.3. Whereas this is not exactly equal to the number of even- 
odd nuclei, nevertheless it is remarkably close to being equal if the in¬ 
accuracy in the data for these elements is taken into account. The num¬ 
ber of odd-odd nuclei still remains zero. 

If, with the elements 8 to 29, element 2 (helium) is included, then 
the number of even-even nuclei becomes very much larger and is in the 
neighborhood of 70 million instead of one million. No odd-odd nuclei 
occur except for elements 1, 3, 5, and 7, and of these the only abundant 
element is nitrogen, with 7 protons and 7 neutrons. No stable species 
of this type occurs with a higher number of protons and neutrons 
than 7. A few species which are extremely rare have been reported 
among the heavier nuclei, but in no case has it been shown that these 
species are stable. 

The Existence of Stable Nuclei as Related to the Principle of Regu¬ 
larity and Continuity of Series and the Ends of Nuclear Shells. Re¬ 
cently it has been assumed by several theoretical nuclear physicists that 
groups of neutrons or of protons in the nucleus form what are con¬ 
sidered as shells. A remarkable fact is that the shells end when a cer¬ 
tain number of neutrons or protons are contained in the nucleus. The 
writer had already found that the numbers 2, 8 and 20 for either neu¬ 
trons or protons give special stability to nuclei. The theoretical physicists 
involved in this important development found that certain nuclear 
properties revealed the values 2, 8, 20, 50 and 82 for both neutrons 
and protons and 126 for neutrons alone. This last value cannot apply to 
protons, since no nuclei contain as many as 126 protons. These par¬ 
ticular numbers, which represent the ends of shells, have been desig¬ 
nated by the physicists as magic numbers . In the Figures 15 to 20 these 
numbers for either protons or neutrons are represented by lines which 
are somewhat heavier than the others. 

Although the writer assumed that in the building of the lightest nuclei 
protons were utilized, and for heavier elements neutrons, he found that 
stability relations of all atomic nuclei are essentially those exhibited by 
the naturally radioactive species which contain from 81 to 92 protons. 
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Figure 16. Helium-thorium series. Symbols are the same as in Figure 15. 
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Figure 17. Stable species of the odd series. Heavy lines for 8, 20, 50, 82 neutrons or protons and for 126 neutrons represent ends of nuclear shells. 
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Figure 18. Stable atomic species to atomic number P equals 60. Heavy lines indicate ends of shells. N is neutron shell; P , proton shell. 
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It was found that the map which gives all of the stable species could be 
plotted in terms of three series: the deuterium-uranium, the thorium- 
helium (both even series), and the odd series, which is extremely dif¬ 
ferent from the first two (Figures 15, 16, and 17). It is extremely remark¬ 
able that in the deuterium-uranium series (Figure 15) only one of all 
of the nuclei predicted by the principle of regularity and continuity of 
series is found to be unstable. All of the others are entirely stable. The 
relations exhibited in these three figures may be summarized as follows: 

(1) No stable nuclear species is known outside the limits of these series in terms 
of proton (P) and neutron ( N ) content. 

(2) No stable species is known inside the series, except those specified by the series. 

(3) For even mass ( M ), both the number of protons and of neutrons is always even. 
No exception is known except for four species, in which N — P with P very small 
(7 or less). For odd mass (P + N ) either P or N may be odd, but not both. All other 
nuclei are excluded from the system of stable nuclei. 

(4) Every species specified by a principle of continuity (considered later) exists 
and is stable, except in the relatively few cases in which some other principle inter¬ 
venes and the nucleus is unstable [(5) and (6) below]. 

(5) For the even-even (N and P) series the stability and abundance are in general 
higher at the end of nuclear shells than for adjacent species not at the end of shells. 
The least stable and least abundant species are adjacent in proton and neutron 
content to the ends of shells. For example, in the uranium or n + 2 series, 83 positions 
are available, 82 are filled, and the one unfilled position is adjacent to the end of a 
shell. 

(6) In the even-odd and odd-even series, unstable species are related to the non¬ 
occurrence of adjacent isobars. In these series 106 positions are filled, 10 are unfilled 
by the non-occurrence of adjacent isobars. Elements 42 and 61 are excluded, as are 
the odd isotopes of argon (see their peculiar pattern in Figure 17). Several of these 
are also close to the end of an 82-neutron shell. 

(7) In Figure 16 (helium-thorium series) it appears as though three atomic species 
predicted by the theory of continuity, of isotopic number 8, and with atomic numbers 
22, 24, and 26, are missing as stable isotopes. However, these are not predicted by the 
theory, since the irregularity is due to the occurrence of the highest isotope of calcium 
of isotopic number 8, whose stability is related to the fact that it lies at the end of a 
20 -proton shell. 

In Figures 18 and 19, all of the even and odd series are combined, and 
this combination reveals certain new relations as exhibited by the heavy 
lines. The figures give all of the stable species, also the naturally radio¬ 
active species of the U and Th series above 81 T1. The most abundant 
species are designated by a line around the symbol, and those below or 
slightly above 1 per cent of the element by an open circle. Above P=32 
these rare isotopes have the lowest neutron content, below this, often 
the highest. Very marked is the fact that for isotopes having a neutron 
MN of 50 (.MN represents magic number) there are six species and three 
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Figure 19. Stable atomic species. Atomic number P equals 60 to 81. Heavy lines indicate ends 
of shells. N is neutron shell; P, proton shell. 


of these are the most abundant for the element. For neutron MN=S2, 
there are seven species, with five the most abundant for the element. 
The most marked effect of a proton MN is shown at calcium=20, where 
28 48 

Ca would presumably not exist if it were not at the end of a proton 
20 8 

shell. This distorts the pattern. The region of few isotopes is just below 
this, but the neutron MN 20 gives four species, with two of them the 
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most abundant for the element. The 82-proton and 126-neutron magic 
numbers extend into the region of natural radioactivity, but even in 
this region the former is represented by three stable isotopes and the lat¬ 
ter by two, and both of these two are the most abundant isotopes. . 

A chart which emphasizes the effect of magic numbers on existence 
and isotopic number (extra neutrons) of the most abundant isotope is 
presented in Figure 20, where the values for the odd elements are con¬ 
nected by a line, and those for the even elements are not so connected. 
It is remarkable that for P =9 to 30, the number of extra neutrons (/) 
is represented by higher values for odd than for even elements, but for 



Figure 20. Most abundant isotopes of the elements of odd and of even atomic number. Heavy 
lines indicate ends of shells. N is neutron shell; P, proton shell. 


32 to 77, the values of 1 for even elements lie above the line for odd 
elements. The shift occurs just where the region of abundant species 
changes to that of rare species. Just at Ni 28 , where the shift occurs, the 
number of extra neutrons becomes specially low, i.e., two. The remark¬ 
able feature of the figure is the break which occurs just above the 50- 
and the 82 -neutron shells . Here element 43, which has no stable isotope f 
lies just above the end of the 50-neutron shell, and 61, again with no 
stable isotope, just above the end of the 82-neutron shell. Neither the 
proton shells nor the 20- or 126-neutron shells have such a marked 
effect upon the relations discussed here. 

In a paper submitted to the Physical Review in July, 1949, the abun¬ 
dance of nuclear species is considered in terms of even and odd P and 
even and odd N. This shows in a much more marked way the effects of 
the proton magic numbers. This method of treatment of even and odd P 
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was introduced in 1915 (1920 for even and odd N) by the writer, but 
prominent workers still classify A=P+N according to even or odd num¬ 
ber, which obscures certain of the relations, since odd+odd=even. 

The effect of a proton magic number may be illustrated by tin at the 
ends of the 50-proton shell. Since the number of protons is greater than 
30 it is a somewhat rare element. However, the effect of the end of the 
shell is shown by the fact that it is much more abundant than any 
other element from P= 41 to P= 92, and is, for example, twenty-four 
times more abundant than cadmium (P=48), which has the next lower 
even atomic number. 

During 1915 to 1917, the writer developed what has become known 
as Harkins* rule, that the elements of even number are very much 
more abundant that those of odd number. However, the remainder of 
the rule is usually forgotten; namely, that the atomic species which 
contain an even number of neutrons are very much more abundant 
than those in which the number is odd. Thus 2 is the most important 
of the magic numbers . This is illustrated by helium p 2 n 2 whose cosmic 
abundance, according to the latest estimate, is seventy times greater than 
that of all of the other elements, excluding hydrogen, which has a simple 
nucleus. This shell of 2 neutrons or of 2 protons has not received the 
attention which it merits. 

For a discussion of closed shells with 20, 50, 82 neutrons or protons, 
or 126 neutrons, papers by Feenberg, 11 Maria Mayer 12 and Nordheim 13 
may be consulted. Much earlier, J. H. Bartlett, Jr. 14 considered that 
closed shells exist in nuclei, and Gamow 15 in 1932 considered that 
Harkins had also introduced such shells. Actually, Harkins had pointed 
out the great importance of the special numbers 2, 8 and 20. 
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SCATTERING BY INHOMOGENEOUS 
MATERIALS * 


P. Debye and A. M. Bueche 

Dept, of Chetnistry, Cornell University, Ithaca, N. Y. 


Introduction 

When a beam of light, or x-rays, traverses an inhomogeneous material its 
intensity is diminished. This diminution occurs partly because some of the 
radiant energy is transformed into heat and partly because another fraction 
of the incident light is scattered in directions other than that of the primary 
beam. Here we will only be interested in the scattered light. Most of it is of 
the same wavelength as the incident radiation. A small part, with which we 
will not be concerned, is of different wavelength and is known as Raman 
scattering. 1 

That scattering occurs at all is due to the fact that the materials illu¬ 
minated are not perfectly homogeneous with respect to refractive index or, in 
the case of x-rays, electron density. In some pure substances these inhomo¬ 
geneities are of atomic or molecular dimensions. In other materials, such as 
alloys and plastics, they may be much larger. Since the scattering depends 
on the characteristics of these inhomogeneities, its measurement provides a 
method for their study. 

The interpretation of the scattering data which, in general, consist of the 
angular distribution of scattered intensity for different wavelengths and the 
total amount of radiation lost by the primary beam on traversing a known 
thickness of the sample, has been treated for a number of cases. It has been 
shown that the angular distribution and magnitude of scattering depend on 
the sizes and refractive indices of the inhomogeneities. Using the results of 
these treatments, 2 ’ 4 the method has been applied in investigations of many 
gases, liquids, crystals, and solutions. Usually the interpretations are made 
on the basis of some physical picture of the inhomogeneities, which may or 

* The results reported in this paper were obtained during the course of work 
supported by the Office of Rubber Reserve, Reconstruction Finance Corporation, in 
connection with the government's synthetic rubber program. 
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may not be a good approximation to the material under investigation, 
depending on its complexity. 

There exist a number of materials, however, which are inhomogeneous 
and for which we have no clear-cut physical picture. The scattering is 
nevertheless still characteristic of the inhomogeneities. It is the purpose of 
this paper to elucidate a method 5 whereby data obtained from such a material 
may be interpreted so as to give information about the magnitude of the 
fluctuations in refractive index or electron density and the extensions in space 
over which these fluctuations occur. The use of the method will be illustrated 
by treating the data obtained when visible light is scattered by “Lucite.” 
The authors feel the method will be useful in the study of a great variety of 
problems, such as the effect of inhomogeneities on the strength of materials, 
imperfections in crystals, and concentrated solution phenomena. 


Characterization of the Inhomogeneities * 

Consider an inhomogeneous material having an average dielectric con¬ 
stant €, but with local variations rj. These variations will be represented by 
a highly fluctuating function of the coordinates and will be both positive 
and negative so that the average value of 77 will be zero. In many cases it 
would be of value to know the magnitudes of these variations and the average 
distance over which they can be considered not to change appreciably. In 
what follows it will be shown how this information can be obtained in a large 
number of cases. 

Two quantities are necessary to characterize these inhomogeneities. The 
first will be called the amplitude of 77 and is given by the average value of 17 2 
which will be indicated by rj 2 . The second quantity, characterizing the aver¬ 
age extension in space of the inhomogeneities must now be considered. 
Imagine two points, numbered 1 and 2 , in the material, separated by a 
distance r. At point 1 there will be a fluctuation rji and at point 2 a fluctua¬ 
tion 772 . Form the product, 771772 , of these two fluctuations. Now move points 1 
and 2 around in the material, keeping the distance r, between them fixed. 
In this way a large number of values of the product 771772 can be found. The 
average value of the product will be indicated by 77 I 772 . This average will be 
a function of r. If r = 0, the value rwi = y 2 will be found. For large values 
of r, the product will be zero because rji and 772 will vary independently. In 
general, unless the material has a high degree of order so that the inhomo¬ 
geneities are arranged in a regular fashion, rjyrji will be a function of r, which 
goes from rj 2 for r = 0 , to zero for large r in some, as yet, undetermined way. 

To represent this variation with r, a new function, 7 (r), called the cor¬ 
relation function , will be defined by 

mm = 7 (r) v 2 (1) 

* A somewhat similar and independent treatment of the scattering problem herein 
discussed was attempted by G. L. Pekeris, Phys. Rev., 71, 268 (1947). 
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This function obviously must go from unity to zero for increasing values of r 
and characterizes the extension in space of the homogeneities. 

Perhaps a very simple example of a correlation function would be illu¬ 
minating. Consider a homogeneous liquid which contains a number of 
spherical particles of radius a , with a slightly different index of refraction 
than that of the liquid. In the limiting case of high dilution, in which inter¬ 
action of the particles can be neglected, the correlation function is found to be 

7 ( r ) = 1 - \L + JLl! 0 £ r £ 2a 

4 a 16 a z 

7(r) =0 r ^ 2 a 

This very special function starts with unity for r = 0 and becomes zero for 
r = 2a. At r = a it has the value 0.312. In most cases the correlation function 
will not be nearly as simple as this. In each case, however, y(r) will be a 
measure of the extension in space of the inhomogeneities. 


Scattering by the Inhomogeneities 

Assuming rj/e to be small, it has been shown that the intensity scattered by 
a volume V will be proportional to the average square of the absolute value 
of the following integral, F, over the entire volume with element of volume dr. 

F - Jdr 

This integral is analogous to the amplitude of the form factor 4 of an atom 
for x-ray scattering. Here k stands for 2 r/\ where X is the wavelength meas¬ 
ured in the medium, R is the vectorial distance from some fixed point whose 
position is immaterial, and s is a vector which is the difference between the 

unit vector, S , in the direction of the scattered ray and that, So, in the direction 
of the primary ray. That is, 

7= s - si* 

It follows that if 0 is the angle between the primary and scattered rays, the 

■■a 

magnitude of s is given by 

j = 2 sin 0/2 

The reader should be warned about applying the following method in 
cases where the preceding assumption of vj/e as small is not valid. It is probable 
that a few cases will arise, especially if visible light is used, where the quotient 
rj/e will not be sufficiently small. If the following method is used, the scattering 
data will lead to a correct picture of the material under investigation only if 
the primary beam on passing through the sample is not appreciably distorted 
by the presence of inhomogeneities. Although this problem 3 * 6 » 7 will not be 
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discussed in detail here, it may be well to remark that larger values of the 
quotient rj/e can be tolerated if the inhomogeneities are small than when 
they are large. 

If the primary radiation is plane-polarized and the scattering is measured 
in a direction perpendicular to the direction of the electric vector, the scat¬ 
tered intensity will be given by 



raw t ik (8 ' Rl ~ Ri) dr\ dr 2 


( 2 ) 


In case the primary radiation is not polarized, a polarization factor 


1 + cos 2 6 
2 


will have to be introduced. Remembering that Ri — R2 is r, connecting the 
points 1 and 2 , and that 771772 will be zero for distances r which are very small 
compared with the dimensions of the volume V } equation ( 2 ) reduces to 


<v 2 V 


f*> 


e ik (*, r) d T 


If, as in many cases, 7 depends only on the distance r and not on its direction 
in space, the integral reduces to the final result 


i 4 ttv 2 V 



sin ksr 
ksr 


dr 


( 3 ) 


However, if the medium is put under strain, or if the inhomogeneities are 
striations with a common axis, the scattered intensity may not have central 
symmetry around the direction of the primary ray. In such a case 7 will 

depend on the direction of r. 

The next step is to investigate the properties of the final result in 
equation ( 3 ). Suppose the average extension of the inhomogeneities is 
so small that in the range in which 7 (r) is appreciably different from zero, 
ksr — (47rr/X) sin 6/2 is small. Equation ( 3 ) then reduces to 


i ~ 4xrj 2 V 



dr 


From this it can be seen that the scattered intensity is proportional to two 
quantities besides the illuminated volume V . They are rj 2 and a correlation 
volume 

f 00 

co° ~ I 7 (r) 4irr 2 dr 

Thus only the product rj 2 &o is of importance. This leads to the very important 
result that, in this limiting case of inhomogeneities which are small compared 
to the wavelength, large fluctuations combined with small extensions are 
just as effective for scattering purposes as small fluctuations with large 
xtens icns. 
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In the more general case in which no assumption is made concerning the 
extension of the inhomogeneities as compared with the wavelength, the result 
can still be expressed in the same way. The scattered intensity is again 

i ~ Vrj 2 ca 

that is, proportional to the product ?} 2 co, with the only difference that now the 
correlation volume co depends on the direction of observation and the wave¬ 
length, since in general this volume has to be defined by the equation 

• = AT j*n^r rly( ' r)dr (4) 

It is this dependence which enables us to draw conclusions about the exten¬ 
sions of the inhomogeneities independent of the value of vj 2 . 

So far, we have given only an expression, equation (3), which is propor¬ 
tional to the scattered intensity, without fixing the proportionality factor. 
Amplifying the statement in this respect, it can be shown that the scattered 
intensity z, coming from a volume V under an angle 6 at a large enough 
distance R, is to the primary intensity 1 as 

i ij 2 ir 2 V 1 + cos 2 d /cN 

I = 7 2 >JR 2 2 " (5) 


in which co is, as before, the correlation volume, and X is the wavelength in 
the medium. In this formula the polarization effect is included by the intro¬ 
duction of the next to the last factor of equation (5). 

By integrating over all directions in space, an expression for the turbidity r 
can be derived from equation (5). In this way a formula is found, which 
shows a simple dependence on the wavelength only for the limiting case that 
the size of the correlation-volume is small compared with the wavelength. 
Under these circumstances, we have the familiar Rayleigh law that r ^ 1 /X 4 
and we expect blue scattered from white incident light. From equation (5) 
it can be shown that for larger sizes of the correlation volume the scattered 
light will be more nearly white in color. In the limiting case of small size, the 
integration over all directions in space leads to the expression 


8t 3 77 2 <oo 

IT A 4 


( 6 ) 


for the turbidity r in which the limiting correlation volume is defined by 
equation (4) and X is the wavelength in the medium. 


Determination of the Correlation Function y(r) from 
Angular Scattering Measurements 

For the scattered intensity z, as compared with the primary intensity /, 
we have found 

i _ rj 2 7 t 2 V 1 + cos 2 6 

I ~ 7* >*& 2 " 
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in which the correlation volume <a is related to the correlation-function y (r) by 

0 

equation (4). Instead of the angle 0 itself, we can use the variable s = 2 sin ^ 


and plot the observed values of i as a function of this variable s. This plot 
being available, we can now plot the new function <j> defined by 

V 1 + cos 2 0 \ 


(;?)/(? 


X 4 * 2 


(7) 


which will have the dimensions of the square of a length, versus s /\. In fact 
what has been done is to define this function <j> by putting 






1 13 


This method of plotting is such, that in case experiments on the angular 
distribution have been made with different wavelengths, we will obtain just 
one curve for </>, provided it is plotted as a function of s/\ and not of s alone. 
Let us call the new variable <r, that is 

a = s/\ 


<t >, then, is a function of <r and as such can be found from the experimental 
data by the use of equation (7). 

<£, however, is given by 


“2 ~2 
4>(o) — —j (TOO = 8 tt -^2 


f: 


r 7 (r) sin (2irar)dr 


This integral equation can be solved at once by the well-known Fourier 
transformation and we obtain 


Ji /* 00 

2 '?"*)-J, 


<f>(o) sin ( 2 n-r<r) do- 


( 8 ) 


The only thing we have to do in order to determine the correlation function 7 
is to plot 0(<r), choose a value of r, plot the product <j>(a) sin (27rr<r) versus a , 
and determine the surface under this curve from <r = 0 to a ■* co. This 

i? 2 

surface is now equal to the product 2tt ~ r 7 (r). In this way we have found 

7 (r) for the definite value of r which has been chosen. We can repeat the 
process for other values of r and so obtain the whole curve. 


Application of the Method 

An example of the application of this procedure to an actual case may 
help the reader. For this reason a description of the treatment of some data 
obtained by measuring the scattering of visible light by “Lucite” will be 
included. 

The sample investigated was a piece of commercial “Lucite” rod. It was 
ground to the desired shape and polished. The scattered intensity was 
measured over a wide angular range, using both photographic and photo- 
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electric methods of detection. The data found using blue light, X = 4358A 
of a mercury arc, are shown in Figure 1. The crosses refer to the data obtained 
photographically. On the ordinate are plotted the values of the scattered 
intensity, z, times sin 0/2, in arbitrary units after correction for the polariza¬ 
tion by dividing the observed values by - — - • 


On the abscissa are the 


values of (sin 0/2)/X, which correspond to <r/2. 



It will be noticed that the intensities did not fall off to zero for large values 
of (sin 0/2) /X. This was taken to mean that, in addition to the large inhomo¬ 
geneities responsible for the great angular dependence of scattering, there are 
a number of very small inhomogeneities which for this wavelength would 
give an almost constant background scattering. This background was sub¬ 
tracted from the data for the purpose of the following calculations. The 
results we obtain, therefore, will give us information about these inJiotiiQ- 
geneities with the large extensions. 
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From equation (7) it can be seen that for a single wavelength, and after 
correction for polarization, our i sin 6/2 is proportional to <f>. It remains, then, 
to choose a value of r, multiply <£ by sin (27ir<r), and determine the area 
under the curve of <p sin (2irr<r) versus a. From equation (8) it is obvious that 
this area is proportional to r y(r) for that particular value of r. 

Figure 2 contains two curves of <f> sin (27rr<r) for two different r values in 
the case of “Lucite. 55 <£(<r) is again in arbitrary units. In determining the total 



area, that which lies below <£ sin (2irra) = 0 must be subtracted from that 
which lies above. 

By definition, y(r) is 1 for r = 0 and approaches 0 for large r. No matter 
what the units used, the points determining y(r) should be normalized so that 
this is true. Figure 3 is a plot of y(r) versus r for “Lucite.” This function 
characterizes the extensions of the inhomogeneities. 

For a comparison of different samples one could, for example, compare the 
r values of y(r ) = 0.5. In the case of “Lucite” this would correspond to 
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r = 2250A. Another, perhaps more illuminating, way to treat y(r) is to try 
and fit a mathematical expression to the data. An example of such an 
expression is 

y(r) = c~ r / a 

It is evident from Figure 4, where 1 + logio 700 versus r is plotted, that this 
is a fairly good approximation. In this case a — 2800A. For studying different 
samples, values of a could be compared. The larger the a values, the larger 
are the extensions of the inhomogeneities. 



Figure 4. The correlation function approximated by y(r) equals e~ r /°. 


Furthermore, if the exponential representation of y(r) is correct, the mathe¬ 
matics in the theory of the method become quite simple. It can be shown by 
substituting for y(r) in equation (3) and integrating that 

Tr - 9 8na z 

1 ~ Vv (1 + W ) 2 

Then, a plot of log versus log (1 + k 2 s 2 a 2 ) should be a straight line. 

Thus we have a convenient way of seeing how good the exponential 
approximation to 7 (r) is. In Figure 5 the logarithms of the experimental 
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intensities are plotted in the suggested way. The straight line is what would 
be expected if the exponential expression were a true representation of y(r)- 
It seems to be a fairly good approximation. 

The same type of plot can be used in another interesting and important 
way. If the angular dependence of the scattering from the solid is a result 
of interference of the scattered light, it should be possible to superimpose the 
data obtained using green light on that obtained using blue light by a way 
which considers the difference in wavelength alone. The data for green 
light, X = 5461A, have been plotted on the same scale as was used in Figure 5, 



the difference being only that the abscissae in this case have been calculated 
using a value of k corresponding to 2tt/\ for green light instead of blue. 
This curve was then shifted, always keeping the axes of the two plots parallel, 
until a fit was obtained. The result is shown in Figure 6. The crosses refer to 
the points for green light, the circles are for the blue light. It can be seen 
that it was possible to superimpose the two curves. Therefore, we have 
evidence that we are really dealing with an interference phenomenon. 

The formula for the turbidity in this case of the exponential correlation 
function can be shown to be 


T 


32ir 4 


v*a* 


■ C4 + 2) 2 
4 2 (4 + 1) 


2(4 + 2) 
4» 


log (4 + 1)] 


(9) 


where 


4 = 4 *V = lfixV/x 2 



44 


COLLOID CHEMISTRY 


Knowing the extensions of the inhomogeneities, we would now like to 
know the average square, 77 s , of the fluctuations in dielectric constant which 
lead to this scattering. This can be done easily since the scattering at 90° of the 
“Lucite” has been compared with that of a standard solution whose turbidity, 
ro, is known. The intensity per unit solid angle, <af/, of the light scattered by a 
solution of small molecules is given by 

3 dV 

4- COS 2 9) 


LOG(l/l) 



Figure 6. Superposition of the data for the Hg blue (symbol o) and green 
(symbol -f) lights. 


where dV is the scattering volume, R is the distance from the scattering 
volume to the point of observation and 7 0 is the primary intensity. If dV/R ! 2 is 
the same for both solid and standard, the intensity scattered at 90° by the 
solid is 


/ 


MV_ £ 
/o 16*R* to p Q 


where p and po are the galvanometer deflections for the solid and standard, 
respectively. In the notation of the present work, dV/R 2 = V/R % and dl = L 
The above expression can then be introduced into equation (7), and the 
absolute value of 0 (<r) can be obtained. 

Now, the surface of the <£(<r) sin {Itto) versus <r curve for a chosen value of r 

is equal to 27r r y (r), where € is the average dielectric constant of the medium 
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and 77 2 is the average square of the dielectric constant fluctuations. Since we 
know <£(<r), and thus the surface, in terms of absolute values, we can pick a 
value of r, find the corresponding predetermined value of 7 (r), insert the 
proper value of e 2 , and find 77 2 . In the case of “Lucite,” using e = 2.25, it 
was found that ( 77 2 ) 1/2 = 2.76 X 10“ 4 . This means that fluctuations in 
dielectric constant of the order of three parts in 10,000 cause the observed 
scattering of this sample. Since the dielectric constant is related to the 
refractive index, n , for long wavelengths by e = n 2 this corresponds to 
fluctuations in refractive index of about 1.7 X 10~ 4 . 

Knowing 77 2 and the extensions of the inhomogeneities, we can find the 
turbidity of the “Lucite” sample. Inserting the proper values in equation (9) 
we find the turbidity to be 9.53 X 10~ 3 cm - " 1 . This is part of the total 
turbidity of the sample owing to the presence of large inhomogeneities. That 
caused by smaller fluctuations which we subtracted earlier is 9 X 10” 4 , 
which is only one-tenth as large. 

We may now compare these experimental values with the turbidity 
expected because of the changes in optical density owing to thermal fluc¬ 
tuations in a fluid. The turbidity, r, due to these thermal fluctuations has 
been calculated by Einstein. 8 With the aid of the Lorentz-Lorenz equation 
it can be written as 

0 3 U'jr 

T ~wij ^ - 1)( ” 2 + 2)]s 

Here k is Boltzmann’s constant, T is the absolute temperature, is the com¬ 
pressibility of the fluid, X is the wavelength of the light in vacuum, and n is the 
refractive index of the fluid. Using a compressibility = 3 X 10~ 12 cm 2 /dyne 
(an average value for glassy substances), and an index of refraction n = 1.5, 
we find the expected turbidity to be r = 9 X 10“ 6 cm“ 1 . The observed 
turbidity corresponding to the small background scattering was 100 times 
larger. This suggests that a study of this background scattering, using shorter 
wavelengths, may lead to information regarding molecular configurations in 
the solid. 


Small Variation in Angular Scattering 

It is clear that the procedure which has been discussed is only practical 
if and when the extension of the inhomogeneities is so large that a pronounced 
dissymmetry-effect exists. Otherwise one cannot cover with the given wave¬ 
length X a large enough range of <x-values to define the function ade¬ 
quately. 

We may expect that in our case of light-scattering the extension of the 
inhomogeneities may sometimes be too small in this sense. It is of importance 
to know what the conclusions are which can be drawn in such a case. In 
order to answer this question we can take our correlation volume as defined 
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by equation (4) and develop the function (sin ksr)/ksr under the integral in 
a power series. If this is done, we obtain 


« “ «0 j 1 ” yr r + 5~! r -*" 

in which we have used the following definitions 

) 4xr 2 dr 
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The scattered intensity i divided by the primary intensity finally becomes 
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We can always represent our experimental results by a series of the form 
i .1 + cos 2 e 


( 10 ) 
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Comparison of equation (10) and equation (11) shows that the absolute 
intensity of scattering, measured by A , determines the product ti 2 cjo. As soon 
as an angular dissymmetry can be observed, the coefficients a, /3, . . . can be 
evaluated. Perhaps only the first of them, a, if the dissymmetry is slight; more 
of these coefficients if it is more pronounced. If a alone is available, we only 
learn the value of r 2 as a measure of the extension of the inhomogeneities. 
However, the more such coefficients are available, the more we learn about 
details of the correlation function y(r). The problem, how to make approxi¬ 
mations for y(r) if r 2 , r 4 , etc. are known, can be handled mathematically. At 
the present stage of the whole problem we do not think it necessary to discuss 
this aspect. It may be sufficient to say that in the case of the distribution curve 
for the molecular weights of a polymer just the same problem occurs. 
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THE ROLE OF THE ELECTRIC DOUBLE LAYER 
IN THE BEHAVIOR OF LYOPHOBIC COLLOIDS 


E. J. W. Verwey 

Philips Research Laboratories, Eindhoven, Netherlands 


Lyophobic colloids are characterized by the fact that their stability 
relations (peptization and coagulation), their rheological properties, 
their light-scattering and other physical properties are mainly deter¬ 
mined by the electric charge of the particles, or better, the electric 
double layer surrounding the particles. According to this definition the 
concept of lyophobic colloids includes classical colloids, such as the gold 
sol, the arsenic-sulfide sol, the iron-oxide sol, the silver-iodide sol, etc., 
as well as the technically important groups, e.g., suspensions, clay sys¬ 
tems, various types of emulsions, and certain protein solutions. 

To understand the fundamental properties of such systems, it is best to 
consider two types of problems separately: (1) Problems concerned with 
the electrical conditions at the interface, such as the origin of the double 
layer, the extension of the double layer, electric charge, and potential 
distribution in the neighborhood of the interface, etc. (2) Problems con¬ 
cerned with the interaction of two or more particles. It is now generally 
accepted that this interaction is determined by at least two types of 
forces: van der Waals-London attraction forces, and forces due to the 
interaction of the double layers. In this paper a brief review of a few 
aspects of our present knowledge as to these two points is given. 


(1) The Electric Double Layer of a Single Particle 

The question of the origin of the double layer is still unsettled in a 
number of cases, but in most sols we have a pretty clear picture as to 
the nature of this double layer. We may distinguish between two types 
of double layers, which will be treated separately under (A) and (B) 
below. 

Type (A). In a number of sols the double layer is predominantly due 
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to adsorbed capillary-active ions. A typical example is an oil-in-water 
emulsion emulsified by the addition of a soap. 

At the interface of the oil and the water, in the absence of the emulsi¬ 
fier, there is already an electric double layer, caused by the fact that 
small amounts of electrolytes, which are always present in the system, 
generally tend to distribute their positive and negative ions unequally 
between both phases. Such a double layer however, is not sufficient to 
stabilize the emulsion. 1 It can easily be shown that the electric-poten¬ 
tial difference corresponding to this double layer is dependent only on 
the nature of the electrolyte and is independent of the concentration of 
the latter. Accordingly, this double layer cannot be strengthened by a 
change of the electrolyte concentration. In addition, however, there is 
the important point that this double layer is of the double diffuse type. 
This means that both charge layers extend over a certain distance into 
the corresponding phase. Especially in the nonaqueous phase (or more 
generally in the liquid with the lowest ability to dissolve electrolytes and 
with the lowest electrolyte-dissociating power), the charge is spread far 
into the solution and the charge density in this part of the double layer 
accordingly is very low. The double-layer capacity of such a double layer 
at the interface of two immiscible liquids is extremely low, and we shall 
see later that this means that one of the conditions favoring stability of 
the sol is not fulfilled. 

Relationships are altered, however, if a small amount of an electrolyte 
of such a nature that either the cation or the anion is highly capillary- 
active is added to the system. In this case a monomolecular layer of this 
ionic species is accumulated at the interface and a double layer of a 
different type is formed. Thus, one charge layer is built up by a thin, 
adsorbed ionic layer w r hich, as a first approximation, can be considered 
a simple surface charge. This surface charge is generally very much 
larger per unit area of the interface than the charge of the original 
double layer. Accordingly this surface charge is balanced at both sides 
of the interface by diffuse charge layers, each of the same sign, but 
opposite to the sign of the surface charge. It can easily be shown la that 
by far the largest fraction of this counter charge will be present in the 
diffuse layer in the aqueous phase, or more generally in the phase with 
the largest electrolyte-dissociating power. Hence as a consequence of the 
addition of the capillary-active electrolyte, the charges are redistributed 
in such a way that the original double layer is replaced by a triple layer. 
For all practical purposes, however, this triple layer can be considered 
a simple double layer consisting of a surface charge balanced by a 
diffuse charge in the aqueous phase with a much larger double-layer 
capacitance than the original double layer. 

The simplest theory for the distribution of the charge and for the 
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electric-potential function in a double layer has been given by Gouy, 2 
and later independently by Chapman. 2 In this theory the liquid charge, 
carried by ions moving freely in the solution, is treated as a continu¬ 
ous charge. The distribution of these ions is a compromise between 
the electrical attraction force due to the oppositely charged surface 
charge and the thermal motion which tends to move the ions farther 
into the solution. The theory shows that the charge density in the solu¬ 
tion decreases rapidly as one goes farther from the surface and also the 
electric potential declines more or less exponentially as a function of 
the distance from the surface. Most of the charge falls within a plane 
at a distance 1/k from the surface, in which * is determined by 

. 8tt7Z z/ 2 * 2 

* - ekT 

In this expression, v is the valency of the ions, with a sign opposite to 
that of the surface charge, n is the number of these ions per cm 3 in the 
solution, far from the double layer, e is the elementary charge, and € is 
the dielectric constant of the solvent. Accordingly, the “thickness” of the 
double layer is proportional to In the foregoing, we have already 
mentioned that in a medium with a low ionic concentration the liquid 
charge extends farther into the solution than in the case of a medium 
with higher ionic concentration. The expression also shows that the 
thickness of the double layer is inversely proportional to the valency 
of the counter ions. Hence the electrolyte added to the system reduces 
the double-layer thickness, and this effect is more pronounced the higher 
the valency of the counter ion. 

A decrease in the double-layer thickness is equivalent to an increase 
in the capacitance of the double layer. As the charge of the double layer 
is determined by the amount of capillary-active ions in the interface and 
will be, roughly, a constant independent of the electrolyte concentration 
in the aqueous phase, we may infer that an increase in the electrolyte 
concentration must necessarily change the electric-potential function 
in the solution in such a way that the total potential drop in the aqueous 
charge layer (or the double-layer potential) is lowered. 

Type (B). It is well known that in many lyophobic colloid systems 
the electric double layer is certainly not due to the presence of an ade¬ 
quate quantity of capillary-active ions. In the case of these systems, 
actually the more usual ones, the origin of the double layer has long 
been a more or less open question, although all sorts of qualitative con¬ 
siderations have been given, but for the most part relating to a special 
colloid. A more general solution of this problem has been attained as a 
result of the work of Lange 3 and his collaborators. In a very careful 
quantitative study of the electric double layer of the silver halides in 
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contact with water, Lange introduced the concept of potential-deter¬ 
mining ions, hereby placing the question of the build-up of the electric 
double layer on the sound basis of very simple thermodynamic 
principles. Lange’s argument is in principle involved in earlier work on 
the double layer (e.g., Frumkin’s investigations on the double-layer 
metal/electrolyte solution). However, Lange extended the basic ideas 
of Nernst and van Laar, so that the importance of these considerations 
to problems in lyophobic colloids became much more obvious. 

In later work by the author and other investigators from Kruyt’s 
school, Lange’s views proved to be very useful in the study of lyophobic 
sols of the silver-halide type. 4 Furthermore, his concepts could easily be 
made directly applicable to all sorts of lyophobic systems (for instance 
the oxide sols). 

If a solid comes into contact with a polar liquid and ionic equilibrium 
has been established, it is generally possible to indicate a pair of ions 
(+ and —•) in the solution, which are responsible for the double layer 
formed at the interface and determine the electric-potential drop be¬ 
tween the two phases. They are the ions which are contained by both 
phases in common (if we may consider the solid as a substance built up 
by ions), or which are involved in the electrolytic reaction at the inter¬ 
face establishing the ionic equilibrium. One example is Agl in contact 
with a diluted-aqueous solution of electrolytes saturated with Agl. Here 
clearly Ag+ and I~ are the potential-determining ions. Also Br~ or Cl” 
may, if piesent in the system, act to some extent as potential-determining 
ions, because these ions can be built into the Agl lattice and may accord¬ 
ingly influence the double-layer potential at the surface of the particles. 
Another example is Al 2 O s in contact with water or an aqueous elec¬ 
trolyte solution. Here the O 2 ” ions in the surface are involved in the 
reaction 


^ surface + H 2 O ^ 20H solution 

and the surface charge will therefore be determined by the OH" (and 
accordingly also the H + ) concentration in the aqueous solution. In both 
cases the product of the concentrations of the potential-determining ions 
in the solution (Ag* and I"; H + and OH”) is a constant. The electric- 
potential difference corresponding to such a double layer (double-layer 
potential) is: 






where c + and c . are the concentrations of the potential-determining ions 
in the solution, and c\ and c°__ are the concentrations of these ions for 
the zero point of the charge. This zero point of the charge (or isoelectric 
point) in the case of Agl/water is realized for (roughly) c + = 10" 6 
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eq/liter and c_=10- 10 eq/liter; in pure water (c + =c_=10- s ) the double¬ 
layer potential is therefore negative (y>= —116 mv). By raising the 1“ con¬ 
centration in the medium to c_= 10“ 5 , the value, y=5x (—58)= —290 mv, 
is reached. This concentration is roughly the free iodide concentration 
in a dialyzed Agl sol, obtained by preparing a negative sol by precipi¬ 
tation of AgNO s with an excess of KI, and subjecting it to electrodialysis. 

If neutral electrolytes are added to such a system the double-layer 
potential is not altered, provided that no secondary changes occur which 
vary the concentration of the potential-determining ions. This condition 
is sufficiently fulfilled in diluted sols. 

In the above, we have mentioned that the addition of electrolytes has 
the effect of increasing the capacitance of the double layer. Hence the 
condition where xp is constant, independent of the concentration of neu¬ 
tral electrolyte, means that in a system such as a dialyzed Agl sol or an 
A1 2 O s suspension, the double-layer charge is no longer a constant, but 
must increase with increasing electrolyte concentration. We see here a 
fundamental difference from a double layer of type (A), where the 
double-layer charge is roughly a constant determined by the amount of 
capillary-active ions in the interface and where the addition of electro¬ 
lyte causes a decrease of xp. 

The situation may be different, however, in concentrated sols. This 
may be shown for the case of the dialyzed Agl-sol, which can be easily 
concentrated during the electrodialysis process by electrodecantation, 
and for which sol concentrations of 10 to 50 per cent Agl can readily 
be obtained. A dialyzed Agl-sol can be denoted by the symbol 



I- 


H + 


expressing the fact that the negative charge is present as an excess of 
T ions in the Agl surface and is balanced by a swarm of H + ions in the 
liquid surrounding the particles. In such a sol, 5 containing particles of 
about 50 m^ diameter and therefore comprising roughly 10 6 Agl 
“molecules,” the charge of one particle is of the order of 500 elementary 
charges and the excess of I” present in the double layer is consequently 
of the order of 0.05 per cent of the total amount of Agl. Hence we see 
that in a concentrated sol, containing for instance one mole of Agl 
(235 gm) per liter, the amount of iodide in the double layer amounts 
to 5xl0‘ 4 mole/liter, which is considerably more than the equilibrium 
concentration of free iodide in the sol medium (^10~ 5 mole/liter). If 
neutral electrolyte is added to such a concentrated sol and the capac¬ 
itance of the double layer is thereby increased, the amount of free 
iodide in the sol medium is by far insufficient to build up the addi- 
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tional double-layer charge necessary for the double-layer potential of 
the original sol. Contrarily, the effect of the neutral electrolyte will be 
that the free iodide concentration is lowered until a new equilibrium 
is established, in which the total double-layer charges are increased by a 
minor fraction corresponding to the increased adsorption of I", and the 
double-layer potential is lowered to a considerable extent correspond¬ 
ing to the lower I- concentration in the sol medium. 0 Hence, in these 
concentrated sols we again approach the conditions prevalent in sys¬ 
tems where the double layer has been formed according to mechanism 
(A), and where the double-layer charge is virtually a constant inde¬ 
pendent of the concentration of neutral electrolyte. 

Summary. Summarizing our considerations about the double layer 
of a single sol particle, we state that it is desirable to distinguish be¬ 
tween a double layer due to the adsorption of capillary-active ions 
[type (A)] and one due to the distribution equilibrium of potential¬ 
determining ions [type (B)]. We have also investigated the behavior of 
double layers of both types under the influence of neutral or indifferent 
electrolytes, as an introduction to a treatment of the problem of stabil¬ 
ity and flocculation. It appeared that an increase of the electrolyte con¬ 
centration, which has the effect of suppressing the thickness of the 
double layer, lowers the ratio \p/o in the two cases in a different way 
(a=double-layer charge): 

Type (A): a constant, \p decreases 

Type (B): \p constant, a increases 

Only in the case of a very concentrated sol of type (B), in which the total 
double-layer charge exceeds the amount of potential-determining ions 
in the sol medium, are the conditions holding for a sol of type (A) more 
or less restored. 

Of course there may be cases where both mechanisms act together in 
the formation of the double layer, or even counteract each other. As an 
example of the latter type we may mention the influence of a positive 
capillary-active ion upon a negative Agl sol or As 3 S 3 sol. In this case the 
effect of the “electrolyte” is clearly a decrease of the original double-layer 
charge. The same holds if a negative Agl sol is treated with a small 
amount of AgNO a , precipitating the T excess in the system. Such elec¬ 
trolytes cannot be considered as examples of indifferent electrolytes. 
These cases can easily be treated according to the principles outlined 
above. In a study of the influence of electrolytes upon the electric 
double layer and the stability of the sol they can be considered as special 
cases. What follows is restricted to the more general problem of the 
effect of indifferent electrolytes. The latter are defined as electrolytes 
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producing ions which have neither an appreciable adsorbability nor the 
ability to act as potential-determining ions. 


(II) Interaction of Sol Particles 

We now pass to the problem of the interaction of sol particles. This 
is clearly a very fundamental problem in colloid chemistry, as the forces 
acting between particles determine what will happen when Brownian 
motion causes two particles to meet. If the particles attract each other, 
the result will be an agglomeration of the particles and ultimately a 
flocculation of the sol. If, on the other hand, repulsion forces are pre¬ 
dominant, or at any rate predominant over a certain distance so that 
a potential barrier of sufficient height is present, the particles will 
separate again and therefore keep their individual motion. In the latter 
case we are dealing with a stable sol. We know from experiment that 
these forces can be influenced by small amounts of electrolytes in the 
sol medium. More especially, the markedly different action of ions of 
different valency, as laid down in the well-known Schulze-Hardy rule, 
is a striking feature of this effect. 

A satisfactory explanation of these phenomena, in terms of attraction 
and repulsion forces between the particles, was only recently obtained. 
For this theoretical development two major steps in the theory of the 
interaction of sol particles had to be made. One was the theory of 
van der Waals-London forces; another was the theory of the interaction 
of two double layers. 

De Boer 7 and Hamaker 8 have called the attention of colloid chemists 
to the importance of the London-van der Waals attraction forces be¬ 
tween particles. They showed that the van der Waals-London attraction 
forces between atoms, as a consequence of their additive character, add 
up to an attraction between two colloid particles acting over an appreci¬ 
able distance. Beginning with London’s equations (for the attraction be¬ 
tween two atoms), they calculated the order of magnitude of these forces, 
and more especially Hamaker gave equations for the interaction as a 
function of the particle distance for different shapes of the particles. 
The attraction force between two plate-shaped particles oriented parallel 
to each other, for instance, declines according to a d~ 3 law, as long as the 
particle distance d is small in comparison to the dimensions b£ the 
particles. Recently, Casimir and Polder 9 have improved the London 
theory and obtained equations showing a somewhat more rapid decay, 
especially for distances larger than 10“ 6 to 10“ 5 cm. 

These van der Waals-London attraction forces are virtually independ¬ 
ent of the composition of the sol medium as long as this consists of a 
dilute aqueous solution. Hence they cannot explain directly the influence 
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of electrolytes upon the properties of the sol. But it seems highly prob¬ 
able that these forces play an important part in the problem and, more 
particularly, are responsible for the fact that under certain circumstances 
an agglomeration of the particles occurs. We must assume that these at¬ 
traction forces are always active, i.e., also in the case of a stable sol, 
where obviously their action is prevented or counteracted by forces 
which must clearly be of a repulsive nature. 

About ten years ago a first approach to this problem was made by 
Frumkin 10 and Derjaguin, 11 and independently by Langmuir. 12 These 
authors investigated the problem of the interaction of the double layers, 
starting with the reasonable assumption that the nature of the forces 
preventing agglomeration under favorable conditions was to be found 
in the electric double layer of the particles. Levine 13 also contributed 
to the problem, though his first attempts in this direction failed. 

Finally, Verwey and Overbeek 14 made an extensive study of the prob¬ 
lem of the interaction of sol particles. They extended the theory of the 
interaction of two double layers and applied the results to colloids. These 
investigations were carried out during the war years and published in 
book form after the war. Following is a brief review of this work. The 
reader is referred to the book cited above 14 for a more detailed picture 
of the theory. 

A semi-quantitative theory of the interaction of two interpenetrating 
double layers can be given only on the basis of a more or less satis¬ 
factory theory for a single double layer. Various possibilities as to such 
an underlying theory are available. A number of authors have tried to 
work with the theory of Debye and Hiickel, which is an approximation 
of Gouy’s theory for very small values of the double-layer potential and 
has been developed for solutions of electrolytes. It appears, however, 
that this theory is usually a very poor approximation for colloids, where 
the particle charges are generally so much higher than in the case of 
simple electrolytes. Stern's theory of the double layer gives a somewhat 
more detailed picture of the distribution of the charges and of the corre¬ 
sponding electric-potential function than does Gouy’s theory. In the 
work of Verwey and Overbeek, the theories of both Gouy and Stern were 
utilized, although mainly Gouy’s view because of its more simple mathe¬ 
matical treatment; the Debye-Hiickel approximation was used only in 
special cases where this simplification seemed justified. In the following 
we will give only examples which have been based on Gouy’s theory 
of the double layer, and which hold for the case of relatively large 
particles for which the thickness of the double layer is small in com¬ 
parison to the particle dimensions. We will accordingly work with the 
simple concept of the flat double layer and neglect the influence of 
the finite dimensions of the ions and of specific forces between these 
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ions and the particles, which may become important when the ions 
come very close to the particle surface. These restrictions imply, for in¬ 
stance, that our considerations should not be extended to systems for 
which the absolute value of the double-layer potential is too high (say 
200 mv or higher). 

We will now consider what will happen to the double layers when 
two particles meet. Figure 1, curve 2d= oo, will show the electric poten¬ 
tial in one double layer as a function of the distance from the particle; 
in a solution containing only small amounts of electrolytes (say 1(H 
eq/liter) 1 /k will be of the order of 10 -5 cm. In exactly the same way 
as for a single double-layer, we can easily derive the equations for the 



Figure 1. The electric-potential function for a single flat dou¬ 
ble layer {\p Q equals 51.2 mv) and for two interpenetrating 
double layers (1 — 1 valent electrolyte): k<S equals 0.5, fed equals . 

1, and fed equals o0- 

electric-potential function of two double layers which belong to two 
parallel surfaces and are at such a short distance (2d) from each other 
that the diffuse charge layers overlap. Curves K d=i /% and icd=l of Fig¬ 
ure 1 are examples of this electric-potential function for two different 
values of the distance. One will notice that we have assumed that the 
double-layer potential (y> for x=0, or y; 0 ) is independent of the particle 
distance. It follows from the equations for the charge distribution that 
in this case the double-layer charge is reduced by the interaction. Fig¬ 
ure 2 gives o, the charge of one double layer per cm 2 , as a function of the 
particle distance, and shows that the double-layer charge drops sharply 
towards zero when the surfaces come close together. 

The assumption that yj 0 will be a constant independent of the particle 
distance, and that accordingly o is reduced in the region between the 
particles when they are brought together, is certainly the most appro- 
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priate one for a double layer of type (B), as discussed in section (I). It 
corresponds to the assumption of thermodynamic equilibrium every¬ 
where in the double layer. It seems justified to assume that the dis¬ 
tribution equilibrium of potential-determining ions is established so 
rapidly that it can easily follow the variations of particle distance due to 
the comparatively slow Brownian motion. Hence what actually occurs 
when two negatively-charged Agl particles in an Agl-sol meet and two 
crystal faces approach each other, is that a certain fraction of the 
excess of T ions responsible for the negative surface charge will go 


(Tm charge/cm 3 



from the surface into the solution and there neutralize part of the 
positive space charge squeezed between the two adjacent surfaces. This 
temporary adjustment of the charge as a consequence of the interpene¬ 
tration of the diffuse charge layers is obviously due to the fact that in 
the new situation the double layers can no longer develop completely, 
merely because of lack of space. These counter ions need this space 
because of their thermal motion and their tendency to spread over 
the whole solution despite the electrostatic attraction by the surface 
charge. Hence the reduction of the charge is a direct result of the 
“osmotic" forces which are responsible for the extension of the diffuse 
charge layer of a single double layer. 

For a double layer of type (A), one might expect that in a particle en¬ 
counter the charge would be a constant independent of the distance of 
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the surfaces. In this case the double-layer potential would be raised by 
a decrease of the particle distance and would locally reach a value 
co when the particles finally touch. Such an extreme condition would 
certainly not be very probable, and in many cases we may infer that 
also for double layers of this type the assumption, ^ 0 = constant, is 
approached, as the adsorbed capillary-active ions carrying the surface 
charge will be more or less pushed away from the adjacent surfaces 
towards other parts of the surface of the particle or droplet. Hence 
our considerations will be based on the assumption y 0 = constant, 
although other assumptions can easily be incorporated into the theory 
and do not lead to fundamentally different results. 

The next step is the evaluation of the force between the particles, 
which is a result of the changes in the double layers when the diffuse 
charge layers interpenetrate. Or rather, the relative potential energy of 
the two particles will be considered, as this quantity can be more 
directly evaluated and is used directly in the potential curves con¬ 
sidered in the following. These “potential curves,” which have been 
used by Lennard-Jones, J. H. de Boer, and others in discussing theoretical 
problems, appear to be a convenient means of treating problems of this 
nature. The force can be read directly from these curves as the (negative) 
derivative with respect to the particle distance. 

The potential energy is obtained directly if we know in what way 
the free energy of the system of two interpenetrating double layers is 
changed by a variation of the particle distance. As the interaction is 
effectively a partial suppression of the double layer, we can expect 
that the free energy of a system of two interpenetrating double layers 
is higher than that of the two separate double layers. When, a particle 
is immersed in the liquid the double layer is formed autogenously and 
the formation of the double layer is therefore accompanied by a de¬ 
crease of the free energy. From this we can already infer qualitatively 
that the result of the interaction will be a repulsion. It can be shown 
that the free energy of a double-layer system can be split up into two 
parts, an electrical and a chemical part. The chemical part is the free 
energy gained in the formation of the double layer by the transition 
of the potential-determining ions from one phase to another, for in¬ 
stance the transition of the T ions in the case of Agl/water from the 
state of solution to the state in which it is incorporated into the crystal 
surface. This gain of free energy in the double-layer formation process 
is always larger than the loss of free energy associated with the build-up 
of the charges, which counteracts a further transition of I" ions to the 
state of lower thermodynamic potential when the final equilibrium is 
reached. Inversely, chemical work must be supplied when the two 
particles are brought together and I- ions have to be transferred to the 
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solution, and though a certain amount of electrical free energy is gained 
in the same process, the former will determine the sign of the total 
amount of work to be done. It will also be clear that this amount of 
work will generally be larger in the case of a double layer with a large 
capacitance than in one with a low capacitance (as present, for in¬ 
stance, in an emulsion which is not stabilized by an emulsifier). 

Details of the derivation of an equation for free energy will not be 
given here. It is perhaps the most intricate part of the theory and at 
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Figure 3. Repulsion potential for 1-1 valent electrolytes, assuming that 
equals 153.6 mv (z equals 6), for different concentrations. 


any rate has been a serious obstacle to a number of authors who have 
been considering this problem. One way is to follow the method 
already used in the theory of Debye and Hiickel in calculating the total 
amount of work in an imaginary process in which the charges of all 
ions of the system are reduced reversibly in infinitesimally small steps. 
It is also possible to make use of more general thermodynamic con¬ 
siderations (generalized Lippmann equation). Both methods lead ulti¬ 
mately to the same result (Casimir, Levine), but the former leads directly 
to a more convenient expression. 

Figure 3 gives a few curves showing the repulsion energy derived in 
this way for two flat double layers, as present between the faces of two 
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parallel plates immersed in the electrolyte solution. This approximates 
the case of two colloid particles in a sol medium. The energy is expressed 
in ergs/cm 2 ; the graph holds for 1-1 valent electrolytes, for ^ 0 = 153-6 mv 

(or z=-.y^=6), and shows the effect of different electrolyte concentra- 
kT 

tions: k=10 7 corresponds to a concentration of 10 -1 eq/liter, k=10 6 to 
10" 3 eq/liter, etc. It is seen that the repulsion potential, V Rt for short 
distances increases with increasing electrolyte concentration. A much 
more important point is, however, that for larger electrolyte concentra- 


V*(ergs/cm*) 



Figure 4. Repulsion potential as a function of the plate distance (2d) 
for comparable concentrations of a 1-1 and a 2-2 valent electrolyte, (yf/o 
equals 102.4 mv; z equals 4 and 8, respectively.) 


tions the repulsion sets in at much smaller particle distances, which is 
obviously a consequence of the circumstance that in more concentrated 
solutions the double layers extend less far into the solution. 

Figure 4 shows the effect of valency of the ions in solution and com¬ 
pares the V R (d) for 1-1 valent electrolyte and 2-2 valent electrolyte of 
comparable concentration (same k or same molarity). The graph holds 

for yj 0 = 102.4 mv, or z= - ? . y° , equal to 4 and 8 respectively. We observe 

rC Jl 

that an increase of the ionic charge has the same effect upon the V R 
curve as an increase of concentration. 

Figure 5 contains a whole set of repulsion-potential curves on a 
logarithmic scale, for 1-1 valent electrolytes in the solution and for dif- 
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ferent values of the double-layer potential: from ijjq —25.6 mv (z=l.) to 
y> 0 =256 mv (z=10) upwards. By using a different scale for V R , as indi¬ 
cated in the graph, the curves are applicable to different values of * or 
of the ionic concentration. From these curves we see that V R declines 
roughly according to an exponential law, more especially for small inter- 


Vr 



Figure 5. Repulsion potential on a logarithmic scale as a func¬ 
tion of the distance for 1-1 valent electrolytes and different 
values of the double-layer potential (z equals 1 or equals 
25,6 mv, etc.). Full curves are "exact" curves; dotted curves rep¬ 
resent approximate equation (1). 


action (<2>2 /k, or k^> 2). The dotted lines represent an approximate 
explicit expression for V* which can be derived for large values of d in 
comparison to 1 /k (kc 1» 1). This equation reads: 
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This equation for V R} apart from the factor y 2 , had already been derived 
by Frumkin and Gorodetzkaja. 10 It is a useful equation as it confirms 
the fact that V n for large distances declines exponentially, and the more 
rapidly in proportion as 1 /k, (the thickness of the double layer) is 
smaller. The equation will be used later on for the derivation of a 
simple flocculation law. 

These repulsion-potential curves must now be combined with van der 
Waals-London attraction-potential curves in order to have a complete 
picture of the effect of the simultaneous action of both forces. A funda¬ 
mental difference between these two types of forces is that the van der 
Waals-London attraction declines according to a negative power of the 
distance, whereas the repulsion declines according to a negative e-power. 
This means that for short distances the repulsion potential, starting with 
a finite value for d= 0, is theoretically always smaller than the van der 
Waals attraction potential, starting with an infinitely large or at least a 
very large value for particle contact. At any rate, this relationship 
should hold for particles of a simple shape, such as spherical par¬ 
ticles, or for plate-shaped particles oriented parallel to each other. 
Hence in these cases we should expect agglomeration of the particles 
once they have been brought sufficiently close together. If in stable sols 
the repulsion forces due to the double-layer interaction can prevent this 
agglomeration, we must expect that they must be able to create a poten¬ 
tial barrier for the particles at some distance from each other. This is 



Figure 6. Total-potential curves for A (van der Waals eonstant) = 2X 10” 12 and k 
equals 10® (1-1 valent electrolytes.) varies from 25.6 mv to 8X25.6 equals 204.8 
mv. The curve z equals 0 (no double layer) is also represented. 
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exactly what is obtained on the basis of the theory outlined here for 
reasonable values of the van der Waals constant and the double-layer 
potential. For a sufficiently low electrolyte concentration the repulsion 
potential is generally larger than the attraction potential over a certain 
distance region, and accordingly the total-potential curve shows a more 
or less pronounced maximum. This is illustrated in Figure 6, showing 
a set of curves for different values of the double-layer potential, for A 
(a factor determining the van der Waals-London constant) = 2 X 10 12 
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Figure 7. Total-potential curves, for -A equals 10““ and fa equals 102.4 mv (1-1 
valent electrolyte), for varying values of the ionic concentration: 

curve 1 2 3 4 5 6 

k = 10° 10 B -° 10® 10 8 *° 10 T 10™ cm- 1 

n =r 10- B 10- 4 10- 3 10- 2 10" 1 1 eq/liter 

and k= 10 6 (1-1 valent electrolyte). The figure also contains the curve 
z=0, representing the case of complete absence of a double layer, where 
we have only van der Waals attraction. The effect of electrolyte con¬ 
centration, for a given value of yj 0f is illustrated in Figure 7 (-4 = 10" 12 ). 
It is seen that the very broad maximum, found for low electrolyte con¬ 
centration, changes for higher concentrations into a more narrow though 
higher maximum at shorter particle distances; for concentrations above 
10- 2 eq/liter, it is lowered again, and finally disappears. In the last 
case the repulsion potential, though for short distances increasing with 
increasing concentration (Figure 3), is only active in a distance region 
where the van der Waals-London attraction predominates entirely. 
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A complete theory of the flocculation of colloids can now be given 
on the basis of these potential curves. Roughly speaking, we may say 
that a sol will be stable when the maximum is of the order of several 
times kT. For the detailed theory, references should be made to the book 
mentioned above. Here we will only give some general conclusions for 
the case where the particles are not too small. Then the simplified as¬ 
sumption may be made that a sol can be called stable when a particle 
distance can be found where V A . For plate-shaped particles oriented 
parallel to each other, the van der Waals-London potential for the 
relevant distance region can be represented by a d~ 2 law. Combining this 
with the approximate equation (1) for the repulsion potential, we can 
easily derive for the transition between flocculating and stable sols the 
following criterion: 

107 € W 5 7 4 
* “ A 2 (ve)« 

Accordingly, we find for the flocculating concentration c (in milli¬ 
moles per liter) of a v-v valent electrolyte at room temperature 


c 


8 . 10- 22 ” 
AW 


( 2 ) 


A number of interesting conclusions can be drawn from this equation. 
In the first place it shows in a simple way that the flocculation con- 



Fig. 8. The quantify y 4 , where y equals 
(e- — i)/(©2-j_ l) and z equals ve $*/kT, 
as a function of yf/n, for v equals 1 and v 
equals 2. 


centration increases with increasing double-layer potential and there¬ 
fore increasing value of y. This concentration decreases, however, with 
increasing value of the van der Waals-London attraction. 

It is interesting to study the influence of the double-layer potential in 
some detail. For that purpose Figure 8 and Table 1 show the quantity 
y 4 as a function of for v= 1 and v=2. It is seen that y 4 , and therefore 
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c, increase sharply with increasing ip a as long as vy> 0 has a low value. In 
this case we can easily derive an even simpler approximate equation re¬ 
lating y> 0 and c at incipient flocculation, as for -|<1: 


*+I + - - 1 

1 +I + --+1 
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Table 1 


t^0 

M 

7 

4 

V * 1 

0 = 2 

51.2 

0.045 

0.34 

102.4 

0.34 

0.86 

153.6 

0.66 

0.98 

204.8 

0.86 

1.00 


Hence we find instead of equation (2): 

10~ 22 (eny 
c - 32 AV \kT/ 

and we obtain the very simple result that the flocculating concentration 
is approximately proportional to the fourth power of the double-layer 
potential: 

1 

c - constant • ^ • vto 4 (2a) 

Thus we have derived the theoretical foundation of an empirical rela¬ 
tionship, formulated by Eilers and Korff, 17 and occasionally used in col¬ 
loid chemical practice (e.g. Graham and Benning 18 ): 

f 2 

— ~ constant 

JC 

Here £ is the so-called electrokinetic potential, as determined by electro¬ 
phoresis. When the condition mentioned above (v\p 0 is small) is fulfilled, 
this quantity f will not differ much from ip 0 . As K 2 is proportional to 
cv- t we arrive at the interesting result that the rule of Eilers and Korff 
is equivalent to our equation (2a), directly following from the theory 
lor small values of vip 0 . 

For larger values of \p Q , however, especially for valencies higher than 
1, y 4 approaches unity, and therefore the flocculation value is no longer 
very sensitive to the value of the double-layer potential. This leads to a 
very simple limiting law for larger values of relating the influence 
of the valency of the electrolyte to the flocculation concentration. Equa- 
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tion (2) contains the valency v both explicitly and, in the quantity y f im¬ 
plicitly. If y 4 approaches unity, however, it becomes more and more 
independent of v, and the concentration c is therefore merely propor¬ 
tional to tr°. Hence we find in this case that the quantities of 1-1 valent, 
2-2 valent and 3-3 valent electrolytes needed to flocculate a lyophobic 
sol or suspension are in a ratio 

i : (i ) 6 : (I ) 6 or too: 1.6 : 0.13 

This result of the approximate theory stands in very good agreement 
with colloid chemical experience as formulated long ago in the well- 
known Schulze-Hardy rule. 

In the above, it has tacitly been assumed that the double-layer poten¬ 
tial does not change appreciably by a change of the electrolyte con¬ 
centration or of the valency type of the electrolyte used. In section (I) 
we have seen that this is true only for sols or suspensions which have 
a double layer of type (B) built up by a distribution equilibrium of 
potential-determining electrolytes, and in the case of a sol the additional 
condition has to be fulfilled that it should not be too concentrated. 
In colloid systems where the double-layer charge is more or less a con¬ 
stant with varying electrolyte concentration, we must take into account 
that the double-layer potential is lowered by the addition of electrolytes. 
It appears, however, that the flocculating concentrations correspond 
roughly to concentrations of the same double-layer capacitance, so that 
the simple law derived above will still be valid, provided of course 
that the potential is not lowered to such an extent that y 4 differs 
appreciably from unity. 

In all cases where the double-layer potential is so low that the ap¬ 
proximation mentioned above is not allowed, the concentration ratio 
between electrolytes of different valency at the flocculation limit will be 
less than given by the sixth-power rule. In such cases, the effect of the v° 
in the denominator is partly balanced by a larger y for larger v in the 
numerator of equation (2). 

Finally, we can derive from equation (2) an approximate value of 
while making use of experimental values for the flocculation concen¬ 
tration. For 1-1 valent electrolytes this concentration is of the order of 
100 to 200 meq for most lyophobic sols. Assuming y=l and c=200, we 
find that 


A 


4 


8 X 10" 22 
200 


= 2.10" 12 


This value is wholly within the limits set by the quantum mechanical 
theory of van der Waals-London forces. 
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Conclusions 

These considerations may suffice to show that colloid chemistry is 
entering a new stage, where it appears possible to explain the behavior 
of colloids quantitatively with the aid of a number of fundamental 
physical phenomena such as the van der Waals-London attraction be¬ 
tween atoms and the thermodynamics of phase boundaries. The next 
step in colloid research should be a more careful study of the electrical 
properties of the double layer for a well-defined object, as it is clear 
that the Gouy-Chapman picture, although very useful as a first approxi¬ 
mation, is too simple. Stern's picture offers possibilities for an improved 
theory, but before this model can be used efficiently in calculations 
given above, more experimental data are needed. A first attempt in this 
direction can be seen in the work by Rutgers on the electrokinetic 
phenomena in glass capillaries. 15 

Another complication has recently been indicated by investigations on 
the system AgBr/water, showing that the charge on the AgBr particles 
is certainly not a surface charge but extends over a certain distance into 
the crystal. 36 This means that the excess of Br- in a negative sol will 
be present as vacant Ag+ lattice points in the AgBr lattice in the neigh¬ 
borhood of the surface of the particles. Such a charge will adjust much 
less rapidly when the conditions in the solution are changed, as this 
adjustment depends on the ionic diffusion velocities affecting the vacan¬ 
cies. We cannot consider here the consequences of this complication, 
since we do not know whether similar phenomena occur in other colloid 
systems. 
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THE EFFECTIVE DEPTH OF THE 
SURFACE ZONE OF A LIQUID 


J. W. McBain and J. C. Henniker 

Dept, of Chemistry, Stanford University, Stanford, Calif . 


Since 1912 and the work of Hardy, it has been recognized that mole¬ 
cules have a definite shape, and that in liquids as in solids, they lie 
together in preferred orientations. These concepts have become especially 
familiar in the case of monomolecular layers of insoluble films on water. 
This idea has been so much emphasized that the necessary corollary, 
namely, that the orienting effect of such an oriented surface must extend 
to molecules in deeper layers, has been largely overlooked. The present 
review brings to the attention of the reader some of the evidence that 
the surface zone of most liquids is many molecules deep. It is not neces¬ 
sary to assume long-range forces, but rather to remember that short-range 
forces between adjacent molecules must successively orient these relative 
to each other and thus produce a surface zone appreciably different from 
the bulk liquid. A more detailed review of the relevant experimental 
evidence has been given elsewhere. 29 

The existence of long-range forces and even equilibria between charged 
surfaces in a conducting medium is now generally accepted. 43 ' 61 The 
Dutch school emphasized that van der Waals-London attraction may 
be felt at distances of some thousands of Angstrom units between the 
surfaces because the potential energy between extended surfaces falls off 
with the inverse square of the distance of separation. Hence, the attrac¬ 
tive force between surfaces is appreciable at distances where the attrac¬ 
tion between individual molecules would be completely negligible. 

Lennard-Jones and Dent have shown 42 that the direct range of action 
of a crystal surface, such as potassium chloride, is so appreciable that 
the density of an argon atmosphere at a distance of 10A may be increased 
severalfold. A surface of this kind, or a completely-oriented outside 
monomolecular layer of dipolar molecules, must have an important effect 
upon the close-packed molecules of the liquid beneath them, where the 
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natural tendency of the liquid molecules towards orientation merely has 
to be reinforced. Thus, by relayed action, thick oriented layers can be 
built up. It is only increasing disorder caused by Brownian motion or 
molecular vibration that gradually brings this effect to an end. In the 
special case of liquid crystals, it is a familiar fact that the effect of the 
surface may be relayed, even to a distance of some centimeters. 

In applying the equations of hydrodynamics, such as Stokes’ law, 27 or 
those of electrokinetics to movement of a solid in contact with the liquid, 
it has always been found necessary to assume a rigid or a semirigid 
adherent layer of solvent clinging to the solid in addition to that already 
allowed for in the hydrodynamic equations. 


Concepts Prior to 1900 

To the ancients, the surface of a quiet pool of water must have been 
the smoothest thing imaginable. Copper plates could be polished to make 
excellent mirrors, but none reflected w r ith the faithfulness of the surface 
of a liquid. There can have been little reason to think that such a 
surface was any more complicated than the ideal formulated by the 
Greek pioneers of geometry: the boundary of a body having area but not 
depth. Indeed, what more perfect illustration could the mathematician 
have given than the shining surface of water. 

But towards the end of the eighteenth century, the phenomena of 
capillarity were being studied, and the molecular theory was gaining 
ground. It was no longer possible to regard a liquid-gas interface as 
geometrically smooth. The molecules were, and still are, supposed to have 
a cohesive attraction for one another. This includes an attraction be¬ 
tween neighboring molecules in the plane of the surface, and leaves an 
unbalanced force tending to pull all molecules inward. This causes 
bodies of liquids to assume a shape of minimum area, just as if contained 
within a contractile skin. 

At a time when so little was known about the forces between small 
particles, there was no reason to deny long-range forces between mole¬ 
cules at some distance from each other, and thus between molecules 
exposed on the surface and those far below. For instance, in 1869, 
Quincke 52 reported that the molecular forces responsible for capillarity 
were operative as much as 800A from a glass wall which was separated 
from the liquid by a collodion film of this thickness. His technique was 
to observe the contact angle of liquid drops on glass coated with films 
of silver, collodion, etc. The contact angle remained the same as on clean 
glass until a certain critical film thickness was reached; this thickness 
being taken as the range of the attractive molecular forces originating 
at the glass. It is noteworthy that until the kinetic theory of gases was 
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established, gas molecules were thought to repel one another, even across 
the relatively large intermolecular distances corresponding to the lowest 
pressures measurable. 

Benjamin Franklin had measured the maximum area, and hence the 
minimum thickness, of a film of oil on a pond. In 1890 Rayleigh used 
the decrease in surface tension, as indicated by the stopping of the 
motion of camphor on water, to demonstrate that a film of olive oil on 
water was 16A thick. 53 

The Period 1900 to 1920 

Rayleigh’s observation led the way to the study of surface films of 
insoluble substances on liquids. Langmuir’s studies 40 centered upon the 
idea that the surface properties of liquids are actually the properties of 
the surface atoms, i.e., a matter of the outer Angstrom or so. Thus, the 
concepts on the depth of influence of the surface of a liquid had returned 
almost to that of the ancient geometers, although in a highly sophisti¬ 
cated form. It was now felt that no forces originating at the surface 
could have an effect on a liquid at more than atomic distances, certainly 
not distances such as the length of a molecule. A liquid was a liquid, to 
the last atom of its being. 


W. B. Hardy: Adhesion and Friction 

The first modern investigator to break away from the monomolecular 
theory of liquid surfaces was Hardy. Anticipating later thinking on inter¬ 
molecular forces, he postulated in 1912 a relayed effect passing from 
molecule to molecule “so deeply as to modify the molecular state of a 
skin some hundreds of microns in depth.” 20 Subsequent data of many 
other workers place this estimate as several times too high, but quali¬ 
tatively correct. 

Fourteen years later this conjecture was supported by some surprising 
evidence from a study of adhesives. Not only did low-viscosity liquids 
exhibit a tensile strength, but the nature of the solid faces affected the 
adhesive layer. Hardy and Nottage, 23 using butyl, octyl, or undecyl 
alcohol between polished surfaces of steel and copper, found the adhesion 
between dissimilar metals to be the mean of that between the respective 
pairs of similar metals; not the minimum, as would be expected if the 
joint strength were determined at the metal surface. 

Hardy also stated in the above paper that the same final maximum 
value of adhesion was attained whether the adhesive layer was formed 
by squeezing out an excess of liquid or by allowing the liquid to run 
in between dry surfaces in contact. The thickness of the liquid layer was 
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“a fraction of a millimeter.** Significantly, the equilibrium thickness was 
reached far more quickly in increasing the liquid layer than in decreasing 
it. In the words of Hardy, “When the cylinder rises, fluid of low viscosity 
is drawing in, when it falls, it presses out lubricant whose molecules are 
locked in place by the attraction fields of the solids. It is the difference 
between drawing in a light spirit and expressing a jelly.** 

Subsequent work by Hardy and others has been with solid and plastic 
adhesives rather than simple liquids. The data are therefore not entirely 
a propos . But the adhesives were not crystalline solids, in which the effect 
of the wall might have been transmitted much as the growth of a single 
crystal is oriented. They were amorphous materials in which it is perhaps 
more reasonable to assume that the molecules were oriented by the wall 
while still in the liquid state. 

The effect of the wall was demonstrated in a number of ways by 
McBain and his colleagues. Comparing the tensile strength of films of 
the adhesive alone with the strength of joints, it was found that the 
metal increased the strength of the adhesive severalfold. 45 In the same 
paper it was reported that the strength of a joint increased with dimin¬ 
ished thickness. For example, joints of soft shellac between nickel sur¬ 
faces were increased in strength seven times in diminishing the thickness 
from 0.010 to 0.003 inch. This is thought to be caused by the elimination 
of 0.007 inch of the relatively unorganized central part of the adhesive 
layer. 

Studies with a number of metals showed 44 » 45 that for a given adhesive 
the identity, and to a lesser extent the surface condition, of the metal 
faces influenced very strongly the strength of the joints. It was found 
that the strength increased greatly with the hardness, elasticity, and ten¬ 
sile strength of the metal and decreased with its atomic volume and 
compressibility. 

One of the most striking demonstrations was made by Morrison and 
reported by Fuller. 19 A beeswax joint between two tungsten surfaces had 
an average tensile strength of 260 pounds per square inch; that between 
copper surfaces, 795 pounds per square inch. A similar joint between a 
copper and tungsten surface would be expected to show the strength of 
the weaker joint, were the strength determined solely at the surface. 
However, the actual strength was 600 pounds per square inch, showing 
that the copper had transmitted its influence across the adhesive layer. 
A similar result was obtained using de Khotinsky (a shellac creosote) 
cement between copper and tungsten. 

In these investigations the thickness of the adhesive layer was not 
measured, but after breaking the joints, layers of visible thickness- re¬ 
mained on each face. This would demonstrate the effective range of the 
forces in these adhesives to be of the order of microns. 
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Hardy and Nottage 24 also investigated joints between dissimilar metals, 
with comparable results. Copper and steel joined by solid paraffins and 
fatty acids in layers four microns thick showed a strength that was the 
mean, not the minimum, of the joints between similar metals. 

Hardy's other major contribution to the study of long-range forces in 
liquids was his work on lubrication. He distinguished boundary lubrica¬ 
tion, involving only a few layers of molecules between the sliding faces, 
and hydrodynamic lubrication in which the laws of fluid flow apply. 
He demonstrated static friction in what he regarded as thick layers of 
lubricant, itself evidence of a yield value in the liquid, and consequently 
of considerable intermolecular forces. 

The actual depth of the liquid layer was not measured, but the indica¬ 
tion is that it was significantly thicker than in boundary lubrication. 
In Hardy's experiments 21 the static friction between highly-polished 
glass surfaces, one plane and the other spherical, lubricated with long- 
chain fatty acids or alcohols, eventually reached the same steady value 
no matter how the system was assembled; this is considered to be the 
condition of boundary lubrication involving monolayers only. But the 
initial friction of the system was variable. Immediately after bringing 
the surfaces and fluid together, the friction coefficient was high (0.57 for 
caprylic acid, which will serve as a representative lubricant). Hardy con¬ 
sidered that the liquid had not had time to orient and had been rapidly 
squeezed out, leaving only a poorly-oriented primary film. When, how¬ 
ever, the glass surfaces were allowed to come to equilibrium with the 
liquid before being placed together, the friction was low (0.26), rising 
rapidly to 0.44. This period was interpreted as temporary hydrodynamic 
lubrication ending in boundary lubrication by a somewhat incomplete 
primary film. The friction subsequently dropped to the steady value 
(0.34), which corresponds to the complete monolayer. The initial low 
value (hydrodynamic) was absent between surfaces in equilibrium with 
only the vapor of the lubricant, which indicated poorly-oriented primary 
films in this case also. 

In some of Hardy's later work on lubrication, the static friction co¬ 
efficient was measured between a plane slider and a plane face. Under 
these conditions the normal pressure was low enough to insure viscous, 
rather than boundary, lubrication. Using several organic liquids, Hardy 
and Bircumshaw 22 found that after a “latent period" the friction co¬ 
efficient reached a steady value that was in inverse proportion to the 
normal pressure on the slider. (This leads to the interesting conclusion 
that the tangential force required to move the slider was independent 
of load.) At higher pressure the friction coefficient was constant. Hardy 
considered this final condition to be boundary lubrication, dependent 
on a small number of molecular layers. 
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In a later paper, Hardy 25 measured the separation between the plane 
surfaces and found a gradual change in the friction coefficient for alcohol 
between steel surfaces as the film decreased from 70,000 to 4000A. 
Bowden, 5 however, using alcohol between steel surfaces, found that the 
friction coefficient was negligible until a film thickness of 3600A was 
reached, below which point it rose rapidly. He considered that the fric¬ 
tion in the thicker films previously reported must have been caused by 
contamination of the liquid. Deryagin 9 pointed out that these data do 
not contradict his own evidence of deep surface orientation extending 
over 1000A into a liquid. Later Deryagin and Smolinanskii 16 reported 
that the friction coefficient of films of paraffin oil containing aliphatic 
acids or alcohols could be used as a measure of adsorption. Films from 
1000A to 10 microns thick were involved in this study. 

A wealth of evidence for mechanical strength in liquid films has ac¬ 
cumulated since the pioneer work of Hardy. Unfortunately almost all of 
it is subject to the same uncertainty that has attached to Hardy’s work, 
namely, that the solid surfaces were not ideally smooth, or that minute 
particles of dirt were responsible for the behavior attributed to multi- 
molecular films. However, several investigations have been made in which 
the film of liquid was confined between a solid surface and a gas phase. 
In these cases, asperities or dust particles cannot decisively affect the 
results, which are, therefore, more significant and convincing. 

In 1944 Deryagin and his colleagues 14 announced a method for com¬ 
paring the viscosity of an oil near the solid surface with that farther 
away from it. A shearing force on a layer of oil was produced by blowing 
a stream of air over it in a narrow rectangular slit or trough. The thick¬ 
ness of the resulting film was estimated from interference patterns set 
up by the reflection of monochromatic light. Several oils, including a 
“Vaseline” oil containing 0.4 per cent oleic acid, did not show any 
anomaly in viscosity beyond 1000A from the wall, but a turbine oil con¬ 
taining additions of aluminum naphthenate up to 2 per cent showed 
anomalous interference bands corresponding to a tenfold increase in 
viscosity within 5000A from the wall. The same additive caused devia¬ 
tions from Newtonian viscosity in the bulk liquid. The authors in¬ 
terpreted the wall effect as an intensified or preferential development 
of a colloid structure in the proximity of the oil-metal surface. 

The blow-off technique was improved 15 by using a narrow, wedge- 
shaped trough instead of a rectangular one. This produced an interfer¬ 
ence pattern which, when photographed, gave a direct representation of 
the viscosity of the oil as a function of the distance from the wall. The 
sensitivity of the method was later improved by blowing the air radially 
over the oil layer. 59 
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Multimolecular Adsorption 

Also among the first evidence of forces extending through a number 
of liquid molecules were cases of adsorption of vapors in greater quantity 
than that required to form a monomolecular layer. McHaffie and 
Lenher 47 in 1925 assembled a number of cases of multimolecular ad¬ 
sorption of water vapor on glass. They themselves obtained adsorption 
corresponding to from 1 to 184 monolayers of water, assuming the visible 
surface of the glass to be the effective surface for adsorption. Further 
data by Lenher in 1927 41 showed water films 45A thick on silica and 
5300A thick on glass; benzene films of 930A on platinum and 110A on 
glass. These films were all thermodynamically stable, since equilibrium 
was approached from both sides. It must be emphasized that the experi¬ 
ments were conducted at temperatures between the normal melting and 
boiling points of the adsorbed substance. This indicates that the ad¬ 
sorbed molecules are not as loosely bound to one another as in the bulk 
liquid. 

Those who have not wished to accept the implications of multimolec¬ 
ular adsorption have raised several objections. One is that the water is 
held in the silicate lattice of the glass as it is in the thin membranes of 
the “glass electrode,’* where swelling of the glass can be demonstrated. 
This is improbable in the light of the equilibrium conditions cited above. 
Moreover, a swelling of platinum by benzene is hardly credible. Another 
objection is that the solid surface was not smooth, but was indented with 
submicroscopic fissures. This point has been examined by Joris and 
Taylor, 35 who have used a “roughness factor” of 4.75 for glass, obtained 
from radioactivity measurements with tritium, and have calculated 
Lenher’s films to be 18 to 62 molecular layers. Another point that has 
been raised is that multimolecular adsorption may be irregular, concen¬ 
trated at active centers on the solid. If this is true, the range of forces 
exerted by the solid through the adsorbate is even greater than that 
calculated on the basis of uniform multilayers. Multimolecular adsorp¬ 
tion serves to show that an attractive force may make itself felt from 
molecule to molecule of a substance that in its bulk form is a liquid 
at the temperature of the experiment. 

A most interesting and surprising example of multimolecular adsorp¬ 
tion is that of helium vapor on glass at 1.72°K. Here there are no less 
than thirty layers of sorbed helium, while the vapor pressure is still only 
90 per cent of saturation. This is ten times the number of layers observed 
on the same glass with neon vapor. 38 

Adsorption in superimposed layers is the basis of the well known 
isotherm that Brunauer, Emmet and Teller 8 announced in 1938. The 
B.E.T. isotherm has been found to fit the adsorption of many vapors 
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on finely-divided solids, which shows that multimolecular adsorption 
probably occurs also in the cases where no direct measure can be made 
of the area of the adsorbent. 


Oriented Molecules 

It is well-established that certain liquids have the bulk property of 
being oriented as “liquid crystals.” The orientation readily observed by 
the extinction of polarized light, may be seen to proceed from the wall 
of the container until the whole mass of the liquid is doubly refracting. 
The influence of the solid wall was elegantly demonstrated by Zocher 
and Coper in 1928. 64 They brought about an orientation of the surface 
of a glass plate merely by rubbing it with filter paper or cotton. This 
can be communicated to a material placed upon the surface. (The 
orientation could be detected by evaporating on the glass an alcoholic 
solution of dye, the deposit of which was seen to be doubly refracting, 
whereas, on any untreated surface it was isotropic.) The induced orienta¬ 
tion of liquid crystals was demonstrated by melting p-azoxyanisole on 
such an oriented glass surface, warming until the liquid became isotropic, 
and allowing it to cool; the double refraction in the liquid state was then 
found to follow the direction of the orientation of the glass plate. 

Five years later Taylor and King 60 demonstrated double refraction in 
long-chain fatty acids as much as 5.7° above the melting point; whereas, 
the ordinary liquid is isotropic. They used the critical-angle method to 
measure refractive indices in relatively thick films of the liquid. The 
actual thickness of the doubly refracting part of the liquid was not 
measured, but it must have been at least one wavelength of light, or 
about 200 molecules, or several thousand Angstroms deep. The effect 
ceased abruptly at a certain temperature, which correlates with the be¬ 
havior of lubricating oils reported by Brummage. 7 

Brummage obtained electron diffraction patterns from films of straight- 
chain organic compounds on metal faces, and studied the effect of tem¬ 
perature. He discovered a disorientation temperature, often well above 
the melting point, up to which the film gave a definite diffraction 
pattern. The disorientation temperature increased with film thickness 
up to about 20 molecular layers and then remained constant up to 100 
molecular layers. This indicates that the metal surface had an orienting 
effect on the liquid film to a depth of thousands of Angstroms. The 
ability of the metal surface to orient molecules in the liquid phase was 
further illustrated by the fact that disorientation temperatures of films 
deposited from solution in isohexane were the same as those of films 
deposited by the Blodgett technique. 4 The latter are known to be as 
highly oriented as a crystal. 821 
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It seems reasonable to suppose that this orienting ability, possessed to 
an extreme degree by a few liquids, is to some extent the normal prop¬ 
erty of all liquids; that the influence relayed through p-azoxyanisole to 
a distance of centimeters differs only quantitatively from the influence 
relayed through tens or hundreds of Angstroms in common liquids, 
especially those whose molecules are much longer in one direction than 
in another. Indeed, x-ray examination has shown that in such liquids, 
as for example, hydrocarbons or alcohols, neighboring molecules lie side 
by side and end to end (cybotaxis), the disorder increasing rapidly with 
distance. 62 These liquids are already close-packed and the well-oriented 
monomolecular layer must greatly increase the cybotaxis to a consider¬ 
able depth. 


Blanketing Layers 

There are some remarkable instances in which some such effect as has 
been described above is detected after passing through a layer of a 
material that has no orienting influence of its own. In one case the effect 
is directly observable as a change in the habit of growing crystals. In the 
other, the effect is biochemical and is not recognized as being determined 
by orientation. 

The long-range influence on the growth of crystals was described by 
Bradley in 1937. 6 Ammonium iodide normally crystallizes as cubes. On 
the surface of mica it can be made to form tetrahedral crystals that are 
oriented in accordance with the crystal structure of the mica. When a 
film of cellulose acetate or rubber 1000A thick was first deposited on the 
mica and the ammonium iodide was deposited on top of this, it again 
crystallized in the tetrahedral form. This indicates a propagation of the 
orienting effect of the mica through the organic film. The particular 
importance of this work lies in one experiment in which Bradley spread 
octane on mica in a film thick enough to show interference colors, and 
showed that the orienting effect was transmitted through this liquid 
layer. The possibility that the effect occurred via holes in the blanket 
layer was minimized by three observations: no cubic crystals were formed 
along with tetrahedrons; crystals of intermediate form grew on films too 
thick to allow formation of regular tetrahedrons. A film of gold 1100A 
thick, but seen under the microscope to be porous, entirely inhibited 
tetrahedral crystals. 

The second case of this kind is the extraordinary discovery of Rothen 
that biochemical reactions could be affected through hundreds of Ang¬ 
stroms of a blanket layer. The demonstration involving an immuno¬ 
logical action was made as follows. 55 Films of antigen were plated on to 
a solid surface. These films are capable of adsorbing the homologous 
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antibody. The antigen was then covered with a blanket layer of an or¬ 
ganic substance such as barium stearate, octadecylamine, or a plastic as 
much as 200A thick. These substances alone will not adsorb the antibody. 
When the antibody was placed in contact with the blanket layer, it was 
found that the antigen was able to adsorb the antibody through the 
intervening layer. The possibility that this effect was caused by holes in 
the blanket layer was discounted, since the thickness of the blankets 
required for this effect depended on the nature and the thickness of the 
underlying layer of antigen. 

Rothen 54 demonstrated the same kind of effect with an enzyme. In this 
case antigen bovine albumin was deposited on a metal plate and covered 
with an organic blanket layer. Thick blanket layers protected the antigen 
from the action of trypsin, but the enzyme was able to deactivate the 
antigen through thinner (65 to 150A) layers. In this case also, the thick¬ 
ness of the blanket layer required for protection was a function of the 
number of layers of antigen beneath. 

Rothen’s effect involves a solid rather than a liquid film, and it seems 
that whatever orientation is responsible is more likely to have originated 
while the blanket film was liquid than after it had solidified. The entire 
series of experiments has been criticized on the basis that the blanket 
layers were porous. For instance Karush and Siegel 36 have emphasized 
the possibility that the underlying protein layer would be expected to 
be uneven and peaks on its surface would protrude through the blanket 
layer. It has been pointed out, however, by Iball 34 that monolayers of 
barium stearate, deposited by the Blodgett method, will bridge across the 
holes even of a wire gauze. Rothen’s blanket layers which were deposited 
by the same method would thus bridge across any peaks in the underly¬ 
ing layer. Moreover, most of the protein would then be farther from the 
antibody than Rothen had stated, and the range of the effect perhaps 
greater. 


Liquid a$ a Structural Element in Thin Layers 

In the data cited under previous headings, the effect of the phase¬ 
boundary of a liquid has appeared either as an anchoring or as an 
ordering of molecules through many molecular layers of liquid. This 
orienting influence, transmitted from layer to layer of molecules, is strong 
enough in the following examples to prevent complete disruption by 
thermal agitation or by light mechanical pressure. In most of the ex¬ 
amples now to be given, the liquid is water. 

Most of the data have appeared in the last ten years; much of it de¬ 
pends on the interpretation of x-ray diffraction photographs. The work 
of Hofmann and Bilke on the structure of clays appeared in 1936. 32 They 
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found that as montmorillonite became hydrated, the repeating structure 
responsible for the x-ray diffraction pattern increased in thickness. This 
swelling, apparently caused by water wedging in between clay crystals, 
measured 10A for calcium and hydrogen montmorillonite, and 20A for 
the sodium clay. The relative thickness of the clay-unit crystal and the 
separating layer of water have been confirmed by electron microscopy by 
Shaw. 57 Various organic liquids, such as glycerol, may take the place of 
the water layer. In montmorillonite the layers were from 1 to 3 molecules 
thick, depending on the organic liquid adsorbed. 46 

Hardy's early experiments on friction had demonstrated that solid 
faces remained separated when covered with lubricant, but critics asserted 
that asperities, not the liquid, were responsible. Two independent groups 
justified Hardy in 1933. 2 - 59 In one case a film of paraffin 100A thick, 
and in the other case films from 300 to 1000A thick, resisted the pressure 
of a surface of mercury, where the problems of asperities and foreign 
particles do not arise. 

Equally positive results were obtained by Deryagin and his colleagues 
in 1939, 11 * 12 in the film of liquid between a gas bubble and a sheet of 
mica. The film of water, which was measured from photographs of 
Newton's rings, thinned to 300A in a few minutes, but did not diminish 
further in 24 hours. Moreover, by heating and cooling the system, the 
300A film was shown to be in equilibrium. Schofield 56 has evolved a 
theoretical justification for these results. 

The validity of these results was challenged by Elton 18 on both 
theoretical and experimental grounds. He attributed the long duration 
of the film to the effect of normal viscosity and electro-viscosity (the 
retarding action of a streaming potential built up by the presence of an 
electrical double layer on the wall of the channels). Elton presented 
experimental plots of the film thickness as a function of time for bubbles 
in benzene, ether, and IN KC1 (liquids having electrical double layers 
of negligible thickness), and showed that the plots could be extrapolated 
to a thickness of zero. His estimated experimental error was 50A, so that 
his finding is not in disagreement with the statement of Deryagin and 
Kusakov that the film of alcohol on glass was too thin to be measured 
by the optical method in use. Elton showed no such plot for water, the 
liquid which both he and the Russian investigators had found to give 
the thickest films. The actual thicknesses were comparable: 180A after 
3 hours for water on quartz under 2800 dynes/cm 2 by the former; 300A 
after periods from a few minutes to 24 hours for water on mica under 
1500 dynes/cm 2 by the latter. 

Elton, in his theoretical treatment of the problem, tabulated the effect 
of electro viscosity on the rate of approach of two plane solid surfaces in 
a liquid. He showed that, for instance, the time required for two plates 
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to come within 500A is 20 times as great for an ionic as for a nonionic 
liquid. But this does not seem to be sufficient by itself to account for the 
experimental result that the thickness of a film of water after 24 hours 
was greater than that of a film of “Vaseline” oil after one hour, since the 
normal viscosity of the oil was probably many times that of water. 

The first x-ray diffraction patterns of soaps were reported by Hess and 
his collaborators in 1937. 30,31,37 Since that time many colloidal elec¬ 
trolytes have been examined by the x-ray technique. It is now generally 
accepted that the patterns derive from plate-like micelles which consist 
of layers of long-chain ions with their nonpolar ends packed side by side. 
The structure may be likened to two pieces of pile carpet stacked with 
the pile sides together. Whether or not the micelles contain more than 
a single pair of layers is still open to question. It is possible that the 
x-ray interference is caused by arrays of micelles that have only transitory 
existence, like the cybotactic groups postulated by Stewart 58 to account 
for the diffuse x-ray patterns from pure liquids. These arrays are thought 
to be built up of pairs of layers with their polar surfaces facing one an¬ 
other. Whether or not these arrays are permanent, there is no doubt 
that the repeating structure responsible for x-ray diffraction contains 
water, presumably in the form of a layer between polar faces. The thick¬ 
ness of the water layer, and hence of the x-ray spacing, varies inversely 
as the soap concentration. For example, a water layer 42A thick separates 
the soap layers in a 9.2 per cent solution of sodium oleate, the lowest 
concentration at which x-ray patterns were obtained. 

Hughes, Sawyer, and Vinograd 33 demonstrated a still thicker water 
layer in micelles of potassium laurate. The longer of two x-ray spacings 
varied from 50 to 125A, depending on dilution. The double length ok 
the soap molecules could account for only 40A, leaving 10 to 85A due 
to water. When toluene was solubilized in the soap solution, the long 
spacings were further increased, indicating that the hydrocarbon had 
formed layers between the nonpolar faces of the soap layers, the same 
amount in each successive layer. Similar behavior was reported by Har¬ 
kins, Mattoon, and Corrin in 1946. ao They found that a mixture of 
isoprene and styrene increased the long spacing in a soap solution by 
16A. Recent experiments by Philippoff 51 have provided a striking con¬ 
firmation of the above evidence by reversing the role of the aqueous 
and hydrocarbon components. A long spacing of 40A was found in a 
25 per cent solution of Aerosol OT (dioctyl ester of sodium sulfosuccinic 
acid) in decane. The Aerosol micelles can solubilize water to the extent 
of 220 per cent of the weight of the detergent. Moreover, the long spac¬ 
ing is then 170A, which indicates an oriented water layer 130A thick. 

The same kind of structure has been demonstrated in a very different 
system by the x-ray work of Palmer. 48 - 49 An emulsion of mixed nerve 
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lipids containing cephalin appeared to consist of bimolecular leaflets. 
The long spacing increased with decreasing concentration of the emulsion, 
and in a 25 per cent emulsion it reached 150A. The water layer must 
have occupied at least 85A, since only 65A could have been accounted 
for by the lipid molecules. Ions had a profound effect on the structure, 
0.076JV calcium chloride being enough to expel the water layer entirely. 

Palmer and his colleagues have produced new evidence of structure in 
intracrystalline water in their work on pectinic and pectic acids. 00 The 
water contents of the solid materials increased with the relative humidity 
of the environment, and concurrently the x-ray spacing between the 
polymer chains increased, though only from 6.1 to 7.4A. Moreover, the 
crystallinity revealed by the x-ray patterns was perfected as the water 
content and the spacing increased. This suggests that the structure of the 
solid as a whole had been enhanced by intermolecular forces in the 
water. The behavior of the most methylated samples (10.9 per cent 
methyl ester content) was peculiar; the x-ray spacing remained nearly 
constant at all water contents. It was suggested that the prevalence of 
the hydrophobic methyl groups had prevented the chains from coalescing 
when water was removed. However, it seems to one of the authors * that 
this may have been caused by a more rigid water structure than in the 
less methylated material, since in the latter, the spacing at the highest 
water content exceeded the constant spacing of the high-methoxy acids. 
This is supported by the fact that the low-methoxy acids are not as 
water-soluble as the high-methoxy acids. 

In an exceptionally careful and elaborate x-ray study of methemo- 
globin, Boyes-Watson, Davidson and Perutz Sa showed that the layers of 
protein molecules making up crystals of the methemoglobin are separated 
by layers consisting of varying amounts of semirigid water. The solid, 
though not hard, was crystalline, and could only have retained its shape 
if a layer of water 15 to 25A thick constituted part of the crystal struc¬ 
ture. The water layer must not, however, be considered solid in the sense 
that ice is solid, since ions diffused readily into it and at the isoelectric 
point did not alter the layer spacing. On the other hand, if the water 
did not form a series of identical thick semirigid layers, the x-ray pattern 
and the crystallinity would not be possible. 

A comparable investigation by Bernal and Carlisle 3 has revealed layers 
of water 78A thick in the crystal structure of turnip yellow mosaic virus. 


Wedging 

Deryagin was the first to show that liquid molecules can wedge them¬ 
selves between surfaces and separate them to multimolecular distances. 
* J. C. Hennikei 
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His term for the mechanism has been generally translated as “disjoining 
action,” but the word is more literally “wedging apart.” The concept was 
used in discussing the compressive strength of films of liquids mentioned 
previously, and in the development of a theory of the stability of weakly- 
charged colloids. 10 * 13 

Beeck and his co-workers 1 also applied the idea of wedging of mole¬ 
cules, though their experimental basis was confined to lubrication studies. 
They discovered a sudden decrease in friction coefficient of a lubricated 
bearing above a certain speed. The new phenomenon was called wedging 
since it occurred only in the presence of excess oil and appeared to be 
caused by drawing-in of oil. The onset of wedging was also detected by 
a sudden increase in electrical resistance between the metal surfaces. 
It was correlated with molecular orientation as observed by electron 
diffraction. White oil, which is nonpolar, and ricinoleic acid, which 
adsorbs flat-wise, showed no wedging. Film thicknesses were not measured 
directly, but it seemed certain that wedging consists of -the building up 
of thick oriented films. 

The wedging postulated by Beeck differs from Deryagin’s “wedging 
apart” in depending on rapid shear between layers of lubricant. How¬ 
ever, in so far as the two processes are similar, one may well inquire if 
the peculiar properties of the oriented layers of lubricant are found to 
some extent in the surface zone of all liquids. 

The outstanding peculiarity of layers of lubricants in bearings is their 
apparent fluidity in the direction of mechanical motion and rigidity in 
both directions perpendicular to it. This was clearly shown by Neale 47a 
in 1943. It is as if the lubricant were organized as distinct laminae, like 
flakes of graphite, that slide over one another to build up multiple layers. 

There are two other examples of a different but related effect, each 
an isolated observation, that would repay further study. While investigat¬ 
ing the flow of a hydrocarbon oil in a narrow glass capillary, the present 
authors observed a 4 per cent drop in viscosity when a little lauryl alcohol 
was added. 28 The conditions were such that an oleophobic monolayer 
would be formed on the glass, as described by Zisman and his colleagues. 03 
The mechanism postulated by Zisman is a close-packed monolayer adher¬ 
ing to the solid, having the methyl end groups toward the liquid. 

The other case in which a monolayer has been shown to decrease the 
friction between a liquid and a solid was reported by Deryagin and 
Krylov 13 in 1944. They measured the viscosity of water in pores about 
1000A in diameter, and found that coating the pores with oleic acid 
resulted in a sevenfold increase in flow, which is ascribed to dehydration 
by the oleic acid. An aspect of this which occurred to one of the writers * 
is that a monolayer of oleic acid might entirely replace the electric double 

*J. C. Hennikei 
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layer, leaving no unbalanced charge to extend its influence out from the 
surface. The water in the capillary would be electrically neutral and 
would be bounded not by a negatively charged solid surface, but by a 
neutral surface consisting of the ends of hydrocarbon chains. The de¬ 
crease in viscosity then is strongly suggestive of the phenomenon of 
boundary lubrication. It is noteworthy that in both these cases the coated 
solid was not wetted by the flowing liquid. 
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LAWS OF SURFACE TENSION AS EVIDENCE 
OF AGGREGATES IN LIQUIDS *t 


George Antonoff 


Introduction 

The molecular status of liquids has always been an enigma. The 
dominant theory of van der Waals assumed that normally a liquid has 
the same molecular weight as its vapor. Yet certain liquids (e.g., alcohols) 
behave somewhat abnormally and are believed to be associated. All litera¬ 
ture on this subject up to 1915 can be found in a monograph of Turner, 45 
which gives a number of empirical rules, but points out that it is futile 
to accumulate such rules without a comprehensive theory including a 
general law analogous to Avogadro’s law for gases. In Cambridge, after 
previous experimental work on surface tension, Antonoff developed a 
theory, with the help of Nicholson, which ultimately led to such a gen¬ 
eral law for liquids. The study of critical regions proved to be particu¬ 
larly important. 

Critical phenomena are found in systems of two kinds: (1) liquid sys¬ 
tems which separate into two liquid phases below their critical point of 
dissolution (the consolute point), hereinafter called liquid-liquid systems, 
e.g., the system phenol-water; and (2) pure substances which separate 
below their critical point into two phases, liquid and vapor, hereinafter 
called liquid-vapor systems. In the former case the dissolved substance 
condenses within a solvent, giving rise to two liquid layers. In the latter 
case there is no solvent, and condensation takes place, so to say, in vacuo, 

* On January 6, 1950, the author discussed this subject with Dr. Albert Einstein at 
Princeton, N. J., who wrote him on January 8 as follows: 

“Our conversation last Friday has been very interesting for me. You have convinced 
me that your basic formula y t — y 2 = y^ deserves attention and careful investigation. 
In the time of the older van der Waals when the complicated nature of the molecular 
interactions responsible for the liquid state was not yet known, the general validity of 
the formula could hardly be doubted. But even now it represents the simplest possi¬ 
bility for a relation between y lt y 2 and y^ for two liquid faces in a state of mutual 
thermodynamic equilibrium. You have also convinced me of the importance of the 
latter restriction for the possible validity of the formula . . .” 

•{•The subject matter of this paper was the topic of an invited paper read by the 
author at the Madison meeting of the American Physical Society on June 21, 1948. 
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lesulting in the formation of two phases, liquid and vapor. In liquid- 
liquid systems both phases can be fully investigated experimentally, but 
this is not possible in liquid-vapor systems because methods of measuring 
surface tension of vapor are lacking. 

The facts mentioned form the basis of the present paper, which stresses 
the following points: (1) the properties of liquids as a function of tem¬ 
perature are discontinuous, showing kinks at intervals. Densities are 
especially considered, because they can be measured with extreme ac¬ 
curacy. (2) The properties of liquid-liquid systems are suitable for estab¬ 
lishing AntonofPs law, namely, the value of interfacial tension (y 12 ) be¬ 
tween two phases in equilibrium is equal to the difference between the 
surface tension of one phase (y 3 ) and that of the other (y 2 )- (3) The 
theory of AntonofFs law indicates that kinetically such equilibrium is 
possible only if both layers contain an equal number of particles per unit 
volume . This law is analogous to that of Avogadro, though not identical 
with it. Within liquids the gas laws are valid: the molecular forces, being 
balanced, cancel each other. Apparent deviations from the simple gas 
laws, observed in liquids, are due to the formation of aggregates. (4) Both 
phases of a system in equilibrium have the same colligative properties , 
i.e., properties which depend on the number of particles per unit volume 
and not on their nature. Thus two such phases (1) boil at the same tem¬ 
perature, (2) have the same freezing point, (3) the same pressure and 
composition of vapor, and (4) are isoosmotic, which explains why they 
do not mix. (5) Liquid-vapor systems are subject to the same laws as the 
liquid-liquid systems, except that there is no solvent. Both systems dis¬ 
play intense opalescence around the critical point. Both are subject to 
the law of rectilinear diameter.* Antonoff s law is valid in the critical 
region in both systems. It is thus evident that liquid and vapor in equilib¬ 
rium contain an equal number of particles per unit volume . The associa¬ 
tion factor, x, is equal to the ratio of the density of the liquid, d u and 
that of the vapor, d v . f The density changes with temperature discon- 
tinuously, as mentioned above, and the aggregation takes place in several 
stages. Complexity of the aggregates increases at low temperatures, where 
liquids approach the colloidal state. Changes in the extent of aggregation 
are responsible for the fluctuations observable when systems are on the 
way towards equilibrium. Evidence of x-ray analysis supports the theory 
of aggregates. (6) All liquids are subject to the same laws and are 
associated . 


*di+d v , 

—2 -. plotted against temperature, gives 

diameter. 

4 The vapor is assumed to be unassociated. 


a straight line, 


called the rectilinear 
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I. Discontinuities in the Properties of Liquids as a 
Function of Temperature 

Densities. In what follows, the density, d, always means the difference 
between the density of a liquid, d h and that of its vapor, d v ; that is. 


d = di — d v 

This is important, since d is a factor in the calculation of surface tension. 

Kinks in Density Curves . The exponential function is best used to 
demonstrate this phenomenon mathematically,* but the calculations are 
somewhat tedious because three constants must be evaluated. 1 The given 
constants in equations (1) to (6) below were calculated with figures taken 
from the work of Young, 3 which are substantially identical with those of 
Ramsay. The following form of equations apply to all liquids investi¬ 
gated by Young 

Af* = T + A 
An* i d = T + Bi 
A^ = T + B *... 

where e is the basis of natural logs; A , B, and k (with different subscripts) 
are constants; and T is the temperature measured in the centigrade scale, 
counted from the critical point downward. 

The theoretical deduction of these equations, as well as an outline 
of the theory of rectilinear diameter, are given by Antonoff (reference 2, 
p. 2422), who advanced the view that the thermal expansion of liquids 
is not linear because aggregated units dissociate on heating. Inserting 
Young's figures 3 for hexamethylene in the above general equations, we 
derive: 


(1) 663.0*°- 8258d - T 4- 1000.1 

(2) 24.99* 3 - 351d = T + 77.31 

(3) 18.20* 3 - 665d - T + 52.93 

(4) 7.591* 4 - 743d - T + 18.71 

(5) 2.328*° 961d =T + 5.20 

(6) 0.0727*2°- 97d . T + 0.0727 


(274 - 280° T) 
(255 - 274° T) 
(185 - 255° T) 
(115 - 185° T) 
(55 - 115° T) 
(0 - 55° T) 


Each equation is valid between the approximate ranges of temperatures 
given at the right. The change (6) starts from the critical temperature 
which is taken as zero, but which is 280° on the centigrade scale. The 
constants of these equations are widely different . By taking logs of the 
equations, d becomes a rectilinear function of the expression containing 
log (T+B). This is shown in Figure 1, on the basis of equations (2), (3), 
and (4) above. The angle of intersection of the straight lines is in many 
cases quite appreciable. This phenomenon cannot be attributed to ex¬ 
perimental error. Since the temperature coefficient is small, the 

clT 

* The results given below will be entirely convincing only to those who recalculate 
them. 



accuracy of Young’s experiments was ample enough to indicate the above 
effects.* 

Table 1 illustrates equation (3), where the same expression has been 
logarized twice. The antilog for log d gives the value of d calculated. 
These values agree perfectly with d experimental, except near the kinks. 



Figure 1. Kinks in density-temperature curve made rectilnear by using loparithmic 

values. 


Table 1 


log d = log [log (r + 52.93) - 1.25990] - 0.20190 


T 

t 

d exp. 

d calc. 

160 „ 

120 

0.6711 

0.6711 

150 

130 

0.65805 

0.6581 

140 

140 

0.6442 

0.6442 

130 

150 

0.62975 

0.6297 

120 

160 

0.6143 

0.6143 

110 

170 

0.5981 

0.5981 

100 

180 

0.5805 

0.5809 ‘ 


This table gives an example of figures between two kinks for hexamethylene (reference 
2, p. 2427). 

Kink at about 100 T. (T is temperature in degrees G, counted from the critical point; 
t is temperature in degrees G.) 

See Antonoff, 1 who also discusses other properties where density is a 
factor. Discontinuities were first observed by Geissler. 4 

Discontinuities in Other Properties. Latent Heats of Vaporization . 
Apart from densities, the same kinks can be observed even to a greater 
* This fact was revealed to the author through a lengthy correspondence with Young. 
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extent in latent heats of vaporization,* which follow the same law (L like 
d is in the exponent): 

Ce kL - T + B 

where L is the latent heat of vaporization; ancf C, k and B are the con¬ 
stants characteristic for a given interval of the curve between tw T o kinks 



(Figure 2). These data are reliable because they are derived from density 
measurements. The drawing shows the kinks distinctly. 

Viscosities. For viscosities, the expression will be (T is exponential): 

7j -f- B = Ce kT 

It is obvious that an accurate exponential expression can be given for 
i]+B but not for 

Surface Tension . The same type of expression can be used for surface 
tensipn, 4a 

y + B = Ce kT 

(see Figure 3) which is valid with the given constants only between two 
kinks. 1 

Concluding Remarks. These formulae work accurately from the critical 
point downward. However, the procedure of Ramsay is not altogether 
satisfactory, because it omits the range of temperatures immediately fol¬ 
lowing the critical point, which is the most important part of the curve. 
If association takes place on condensation, the effects will be most con¬ 
spicuous in this region. Careful consideration shows that the rest of the 
curve is not a straight line, as assumed by Ramsay. 

Viscosities and surface tensions exhibit the same kinks as densities, 1 
although they cannot be measured with the same accuracy as the latter. 

* Young calculated these data from the formula of J. E. Mills (reference 3, p. 410), 
involving densities raised to the power 0.3. This makes the curvature more pro¬ 
nounced, and the kinks become more evident. 
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These experiments, made from the critical point downwards, have to be 
accompanied by accurate measurements of densities of the liquid and 
its saturated vapor. The conclusions given here are based on the density 
measurements of Young. Antonoff limited his work to the range of tem¬ 
peratures easily attainable in a thermostat. The results showed that all 
liquids are subject to the same law and exhibit kinks at intervals. By 
way of illustration, a detailed description for propyl alcohol is given 5 
in Figure 4, where the kink observed coincides with that indicated by 
Young’s figures. Water was also made an object of special study because 
it was not included in Young’s work, and the experiments are now in 
progress. 54 



TEMPERATURE 


Figure 3. Kinks in surface tension-tem¬ 
perature curve for methyl formate, based 
on Ramsay's determinations. 


For accurate temperature control a mercury-toluene regulator, sensitive 
to within 0.002° C, was used. 46 Figure 5 shows the regulator as modified 
by Antonoff. The platinum wire touches the mercury in the cap illar y 
intermittently. This contact works well while the mercury is fresh, but 
when it oxidizes, the contact must be renewed. On raising the tempera¬ 
ture, mercury flows out of the capillary, and must be replaced by new 
mercury from revervoir A. While the excess of mercury covers the cap¬ 
illary, the desired temperature is adjusted. By lowering A, the level 
of mercury in the capillary is fixed for the required temperature. When 
the platinum wire becomes “stale,” it must be heated in a Bunsen flame 
in order to renew the contact. A Beckmann thermometer, showing fluc¬ 
tuations within 0.002°C, is placed alongside an ordinary thermometer. 
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The mercury must be renewed periodically, otherwise the accuracy falls 
to about 0.01°C. Since a temperature difference of 0.1 °C would result 
in an error of only 0.0001 in the density, and since the temperature 
control never falls below 0.01°C, the kinks observed 5 cannot be due to 
temperature fluctuations. It should be noted that the kinks are shown in 
the third decimal , whereas the densities can be measured to six decimal 
places. Antonoff’s technique calls for the use of a 25-ml pycnometer and 
a precision analytical balance. 



TEMPERATURE 

Figure 4. Kink in density-temperature curve for 
propyl alcohol, observed by Antonoff. One can see 
that the curve has two branches with different curva¬ 
tures. The experimental points fit into them with ex¬ 
treme accuracy, except at their intersection (kink), 
where as a rule a few points are somewhat off the 
curve. 


Distinct evidence of discontinuities can be found in Communications 
131, 145, 162, 172, etc. of the Physical Laboratory, University of Leiden, 
as reported in 1932 by Antonoff (reference 2, p. 2430). The authors ob¬ 
served deviations from the rectilinear diameter, varying between 0.5 and 
2 per cent, which is well above experimental error. These deviations are a 
manifestation of discontinuities in density curves. Even well-demonstrated 
facts are often rejected when they fall outside the scope of accepted views. 
Thus, the experimenters at Leiden failed to interpret their own excellent 
observations. Young likewise failed to notice the facts concealed in his 
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accurate data.* As pointed out above, the data with hexamethylene show 
the discontinuities very distinctly. Because the density determinations 
were made at 10-degree intervals, the kinks, which often occur at inter¬ 
mediate temperatures, are not always evident on a plotted curve. The 
curve is best drawn on a scale which represents the fourth decimal by 
a fraction of a millimeter. A flexible ruler backed by lead can locate 
the kinks which coincide with those found mathematically. On such 
a scale, the kinks are in most cases visible to the naked eye.f 


.We lead 

A 9am ^^ jMreteod 



inurn wire 


Figure 5. Mercury-toluene thermoregulator. Reservoir A is 
filled with pure mercury; tube B is filled with mercury to es¬ 
tablish contact; C is filled with toluene and mercury; D is 
connected with a screw to adjust the contact with mercury in 
the capillary. 


II. Surface and Interfacial Tension 

Interface Liquid-Liquid. Antonoff's Law. The relationship between 
two liquid layers in equilibrium with each other , known as AntonofFs 
law, 6 was formulated in 1907: 


y n - ?i - y 2 

where y ^ is the interfacial tension, y 2 the surface tension of one layer, 
and y 2 that of the others both measured against their common vapor. 
Special methods evolved to demonstrate this law are described below. 

Causes of Difficulties . Two problems confronted those who tried to 
test the validity of Antonoff’s law. First, it is very difficult to attain 

* On July 9, 1924, Young wrote the author as follows: “There is, of course, no 
doubt that your calculations appear to indicate discontinuity in the case of benzene. 
. . . There can be little doubt that with increased experience and improved methods, 
the data for paraffins, hexamethylene, etc., are more accurate than the earlier data/* 
t A. Urmanczy of Oslo (Norway) has just advised that his work, soon to be published, 
establishes the existence of kinks in several liquids. 

t Strictly speaking, y 1 and y n are interfacial tensions between a liquid and vapor. 
At low temperatures, when the surface tension of vapors is negligible, the figures ob¬ 
tained can be considered surface tensions of liquids. These terms are often used in¬ 
discriminately. 
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equilibrium, 7 which is not always reached instantaneously in liquids, but 
may take days, weeks, and even months. 8 The other difficulty involves 
experimental methods. The capillary method is generally believed to be 
most reliable, 9 although in many cases it requires special handling. 

In systems consisting of two liquid layers, one layer is generally polar 
and the other nonpolar. The predominantly polar layer causes difficulties, 
especially when the mutual solubility is small and one or both com¬ 
ponents are volatile. Under these conditions it is not very easy to main¬ 
tain equilibrium within the narrow capillary and to arrive at repro¬ 
ducible results. To diminish frictional effects within the capillary, short 
capillaries were used. 9 * The capillary rise was found to he dependent on 



Figure 6. Dependence of capillary rise on the length of capillary. 


the length of the capillary above the meniscus. The shorter the capillary, 
the flatter the meniscus becomes. Thus, in capillary measurements the 
length of the capillary must be specified. In order to obtain the maximum 
value of the capillary rise, in the case mentioned above, it is necessary 
to extend the capillary several centimeters, i.e., 3 to 4 centimeters, above 
the meniscus within it. Further lengthening of the capillary has no addi¬ 
tional effect. Since the value of ^ in the aqueous layer is enormous 

(y = surface tension, c = concentration), a part of the above effect may 
be attributed to change of concentration due to evaporation at the 
surface. 

Experiments with pure water, made by Conan in the author's lab¬ 
oratory at Fordham University, showed a dependence of the capillary 
rise on the length of the capillary above the meniscus in the tube, the 
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optimum length being about 0.2 centimeter (see Figure 6). This phe¬ 
nomenon does not follow classical theory. The length, 0.2 centimeter, 
is well above the radius of molecular action beyond which molecular 
forces are not supposed to be effective. 

According to present evidence, polar layers exhibit this effect, while 
nonpolar layers, such as water-saturated benzene, do not show it ap¬ 
preciably. Capillary rise at the water-ether interface definitely showed 
dependence on the length of the capillary.* 

Role of the Solid and Angle of Contact . As previously shown 10 with 
solutions of isobutyric acid of various concentrations, the solid, i.e., the 
material of the capillary, must have a much higher surface tension than 
the liquid. If the solution has a higher surface tension than the solid, 
there is capillary depression, as in mercury-glass; in the reverse case there 
is capillary rise; and when the surface tension of the solid is equal to 
that of the liquid, there is neither rise nor depression. 

AntonofFs law is valid at the solid-liquid interface, as will be discussed 
later. In this situation it can be expressed as 

7s - 7Z = 7 si 

where y 8 is the surface tension of the solid, y x that of the liquid, and y s i 
is the interfacial tension. If y s >yi there is wetting and y 8t is positive. 
If y»<yi there is no wetting and y 8lt is negative, as in the case of mercury- 
glass. Solids differ in surface tension. Those with low surface tensions are 
lyophobic. The materials having a high surface tension are lyophilic. 

When y 8 — yi there is no capillary rise or depression and the meniscus 
in the capillaiy appears flat. When y 8 increases in value the meniscus 
begins to curve, but complete wetting is attained only when y 8i acquires 
a large value. Only when the angle of contact becomes zero is the cap¬ 
illary method suitable for measuring surface tension. 11 ! In order for the 
angle of contact to become zero, a pull from above is necessary, and it 
comes from the material of the capillary above the meniscus within it. 

Capillary rise is explained as follows: The force of attraction between 
the solid and the liquid is greater than that between the particles of 
the liquid itself. The film of liquid fixed on the wall of the capillary is 
capable of supporting a column of liquid, whose height is determined 
by the surface tension of the liquid. The weight of this column is not 

* To give a full explanation of these effects and the peculiar phenomena that have 
been observed, a research of long duration would be required, which is beyond the 
scope of the present paper. These facts are mentioned to explain why the capillary 
method was used with caution. 

fAntonoff has never observed a contact angle that equalled zero, except the mo¬ 
ment after the capillary was lifted a little. Viewed from the telescope of the cathetome- 
ter, the meniscus descends for some time; then the angle of contact ceases to be zero. 
Moreover, the capillary behaves quite differently when it is previously dried or kept 
in a liquid before use. He therefore does not recommend precision measurements bv 
the capillary method. 
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equal to 2 nryx (r being the radius of the capillary). The thickness of the 
immobilized film may vary with the range of force exercised by the solid, 
and must be deduced from r. The effective radius can be determined 
either by emptying the capillary and weighing the liquid, or by weighing 
the capillary when dry and when wet.* 

Owing to the difficulties described above, the capillary method was 
not favored in these experiments. In systems with very small mutual 
solubility, the drop method was used for the layer with the higher surface 
tension (in most cases, the aqueous layer). A pipet of any kind can be 


Figure 7. Method of discharging drops of one liquid within 
another, for measuring the interfacial tension. Left: Heavier 
chloroform layer discharged in the aqueous upper phase; pipet 
not curved. Right: Lighter benzene layer discharged in the 
heavier aqueous phase; pipet curved. 




used; the pure water discharged from it first and the saturated solution 
afterwards. Quincke f recommended the formula 

dmo 

where y 0 is the surface tension of water, d 0 its density, and m 0 the number 
of drops. The same symbols, without subscripts, refer to the saturated 
solution. This formula is valid for systems with very small mutual 
solubility. 

The measurement of interfacial tension is also difficult. According to 
Quincke, it is necessary to moisten the capillary with the liquid of higher 
surface tension first. However, the meniscus is liable to acquire an arbi- 

* For this reason it appears that the classical concept of the angle of contact has 
outlived itself. It is the general curvature some distance from the wall that matters. 
This is a function of surface tension. It can be better observed in broader tubes. By 
suitable calibration, the surface tension could be expressed in terms of the curvature. 
Below it is shown that a flat surface means that the surface tension is zero. The 
difficulty lies in finding a suitable standard. The wave method of measuring the sur¬ 
face tension might be applicable because the measurement is not influenced by the 
proximity of any solid. 

fThe author does not give reference, as he worked in Quincke’s laboratory and 
made citations from his own notes. 
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trary position within the capillary, unless the latter is very broad. The 
radius of the capillary was, as a rule, about 0.02 centimeter, unless other¬ 
wise specified. 12 The friction is probably due to emulsification, which 
in turn is apparently caused by slight local thermal fluctuations. The 
emulsification becomes visible when two layers remain standing for a 
certain length of time. Good results can be obtained only with fresh 
surfaces, either by the drop method or by the pendant drop method. 



1 i i i i _ i l 

12 3 4 5 

2 it r 

Figure 8. Dependence of interfacial tension measurements on 
internal diameter of the pipet outlet. 


Using the drop method for measurement of interfacial tension, the 
liquid with lower surface tension must always be discharged into the one 
with higher surface tension.* In this way, the drop will not wet the 
external part of the pipet (Figure 7). The results are independent of the 
diameter of the tip, within wide limits. It was found that y 12 can be 


derived from the relationship y 12 =. 


P 

2 jtr 


where P is the weight of the drop, 



Figure 9. Dependence of surface-ten¬ 
sion measurements on the thickness of 
the wall of the pipet outlet. 


and 2 r the internal diameter of the tip (Figure 8). This conclusion was 
arrived at by discharging drops of water from pipets of different diam¬ 
eters, with extremely thin-walled orifices (Figure 9). There is a wide 


region where y= -—, and is equal to the values of surface tension 
2nr 

* The speed of discharge must be controlled. 
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given in tables of physical constants. The process of drop formation is 
the same as in the previous example; the internal diameter of the orifice 
is the dominating factor. 

Since thin-walled pipets are brittle and difficult to make, the above 
method was used only for calibration. The pipets were prepared as 
follows: A tube of soft glass, closed at one end, was inserted in a wider 
tube of Jena glass, which was heated by a blow pipe, so that the inner 
tube was softened by uniform heat. It was then drawn out while air was 
being blown into it. The tube prepared in this manner may have walls 
so thin that they exhibit rainbow colors, but it is so uniform that it can 
be evacuated wtihout collapse.* The tube is embedded in paraffin (which 
is later removed by xylene), and then cut across with a razor. The remain¬ 
ing end of the tube was used to measure the diameter of the tube micro¬ 
scopically or otherwise. 

Experimental figures obtained by Conan in the author’s laboratory, 
using these methods, are given below for some systems which presented 
great difficulty owing to small solubility, volatility, or both. All chemicals 
used were c.p. products. 

Benzene-Water at 25° C. The system was kept in a thermostat for 
about ten days, during which time the periodic changes that preceded 
equilibrium were observed. The figures were calculated by a good slide 
rule, the accuracy of which was equivalent to three-figure logs. 

Aqueous Layer Benzene Layer 

t x t 2 t 12 y x - t 2 diff * 

56.52 29.25 27.20 27.22 0.02 dynes/cm 

If the pendant drop method had been used with equilibrium conditions, 
the results would probably have been the same, because both methods 
are expressed in terms of the capillary height method for water. 18 

Concordant results can be obtained for the aqueous layer also by the 
capillary method, if the system is first brought into a state of equilibrium 
by prolonged standing in a thermostat. Thus, the same surface tension 
figure for the aqueous layer was obtained by this method as by the drop 
method above. No corrections are needed here, as the standard values 
for pure water were also without correction. 

The difficulty of measuring the separate tensions of the aqueous phase 
was pointed out by Carter and Jones, 14 who used the maximum bubble- 
pressure method. However, their figures have no definite meaning since 
they ignored the conditions of equilibrium. The work of Harkins 15 is 
open to the same criticism. In no way does it reflect on the validity of 
AntonofFs law. 

* The author learned this method from Baumbach, the glass blower of Manchester 
University, who used it for making emanation tubes for Rutherford, which were 
permeable to alpha particles but not to helium. 
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Chloroform-Water at 25°C. In this system no equilibrium can ever be 
attained as chloroform undergoes hydrolysis. 


!i| 

Aqueous 

Layer 

Chloroform 

Layer 


7 , ~ 7 2 

diff. 

3 

51.20 

27.14 

21.77 

23.79 

2.02 

10 

51.65 

27.41 

22.99 

24.24 

1.25 

16 

49.45 

27.41 

22.21 

22.04 

0.17 


A similar behavior has been observed in the system CS 5 + water, where 
an irreversible change makes equilibrium impossible. 

Ether-Water at 25°C. The following figures were obtained for this 
system. 


Days 

Aqueous 

Layer 

Vi 

Ether 

Layer 

v* 


7 t -7 3 

diff. 

0 

29.42 

17.98 

7.70 

11.44 

3.74 

3 

28.38 

17.53 

8.06 

10.85 

2.79 

7 

26.82 

17.39 

8.14 

9.43 

1.29 


Measurements were resumed a month later. Marked changes were then 
observed, probably owing to the presence of oxidation products. 

Conclusion . Provided there are no irreversible changes, the methods 
described above can give reproducible results. Special purity is of no 
importance, because impurities help to establish equilibrium. This can 
be demonstrated by adding substances in varying quantities. However, 
impurities are of great importance to those studying the specific prop¬ 
erties of surfaces, which is an entirely different problem. 

All experimental data given in this section rest on the assumption 
that the surface tension of water at room temperature is about 72 dynes 
per cm. The figures thus obtained consistently indicate the definite rela¬ 
tionship even though they may not be the true values of 

surface tension.* Systems exhibiting appreciable mutual solubility pre¬ 
sent no difficulties, and results conformable with AntonofFs law have 
been obtained for a number of such systems, provided they are brought 
into a state of equilibrium first. Quincke and Rayleigh failed to develop 
surface tension relationships because equilibrium was not considered. 
Experiments in which one pure liquid is discharged into another are 
valueless because equilibrium does not exist at the time of measurement. 
These results do not seem to corroborate AntonofFs law absolutely 
(except in the case of the benzene-water system), but they cannot be 
interpreted as evidence against it, since Antonoff’s law is applicable only 
to systems in equilibrium. 

The chief experimental difficulty is the peculiar behavior of matter in 
narrow capillaries. The belief was even expressed that the surface tension 

* The use of other methods for determining the surface tension, y, gives the same 
relationship. 
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of a liquid in a narrow capillary is abnormally great. 16 All these prob¬ 
lems arise from the enormous fluctuations taking place in the liquid 
layer with the higher surface tension; but they disappear when, on stand¬ 
ing under fixed conditions, the system reaches equilibrium. These fluc¬ 
tuations also exist in other systems, and have been observed in the 
aqueous solutions of isobutyric acid, the solutions of amylene in aniline, 
etc. The disturbances appear to be in the nature of pulsations restricted 
to a small volume, as they are observed within narrow capillaries. The 
same substances, when discharged dropwise in an atmosphere of saturated 
vapor, do not show fluctuations, for the effect appears to be averaged out. 
Thus, very substantial changes take place within a system when it reaches 
a state of equilibrium. 

Interface Liquid-Solid. At the liquid-solid interface, the same form of 
relationship holds true as for the liquid-liquid interface. If there is no 
interaction between the solid and the liquid, the relationship 

7 si = 7 S “ 7 1 

is established at the time of contact. This concept provides a method for 
measuring the surface tension of solids. Of the three magnitudes, only 
one can be measured by known methods. If the value y z can be measured, 
it can be made to equal y 8 , when y sZ becomes zero. This status can be 
attained with certain pastes whose surface tensions may vary between 
30 and 900 dynes per cm. If the paste is too stiff, it can be warmed. The 
temperature coefficient of surface tension is about 0.5 per cent, whereas 
that of viscosity may be as large as 25 per cent. If the paste wets the 
solid, y 8 >yi m , if it does not, y s <y z . At the transition point y 8 — yi. The 
accuracy of this measurement depends on the number of pastes of dif¬ 
ferent concentrations prepared for the experiment. Details are given in 
journal references. 10 * 12 

The theoretical aspect of surface tension of solids has been emphasized 
by Gibbs and Curie. The subject has recently been reviewed by von 
Laue, 17a who gives a geometrical interpretation of the theory under the 
name of Wulffs law: “If the free energy of the surface of a crystal has 
a minimum value, there must exist within it a point ( Wiilff’s point), 
situated at such distances from the surfaces, that the ratio of the distances 
is equal to the ratio of the surface energies." The methods of measuring 
the surface tension of solids were not known to the above authors. 
Wulffs law can now be experimentally substantiated. This work is being 
done, using AntonofFs methods, by Van Hook, at Holy Cross, who finds 
widely different values of surface tension for different crystal faces. It 
appears possible to give a physical interpretation of the above law: The 
structural units are differently situated along each plane. They meet at 
distances whose ratio is equal to that of their surface tensions. 
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III. Theory of Surface Tension and Its Consequences 

Surface Tension and Its Correlation with Internal Pressure. When 
Laplace originated the theory of surface tension, nothing was known 
about the structure of atoms and molecules. To explain the phenomenon 
of surface tension he had to make a hypothesis ad hoc. The “classical 
concept’* assumes that the molecules are spheres exercising a uniform 
field of force over a very short range. The whole picture can be simply 
presented, without involving the law of molecular attraction, by using 
a crystal as a model (Figure 10). Let us assume that the force of attraction 



J 0 


Figure 10. Crystal model, each dot rep¬ 
resenting a molecule. The arrows indicate 
correlation between surface tension and 
internal pressure. 


is effective between two adjacent molecules, but that it vanishes so 
rapidly with distance that its effect on more distant molecules is neg¬ 
ligible. Let AB be a line of unit length on the surface. The row of 
molecules along the line AB will be under the influence of a force tan¬ 
gential to the surface, which is called the surface tension (y). A similar 
force acts on AB downwards. If the adjacent rows have no effect, the 
inward force per row will be equal to the tangential force. The total 
inw T ard force will be equal to the sum of the effects of all rows. This 
inward force is called the internal or molecular pressure (P). Thus, if n 
is the number of molecules per unit volume, their number per unit 
length will be rz 1/y , and per unit area, n-f*. And the relationship may be 
expressed as 

P = Kyn't* 

The proportionality factor, K, equals one for the model with the uniform 
field of force illustrated in Figure 10. 

The same theory and type of equation can also be applied to liquids. 
However, as liquid particles are in constant motion, all magnitudes in 
the above expression will acquire statistical values. This relationship is 
equally valid for all three states of aggregation, although for gases one 
can only show qualitatively the existence of surface tension (see section V 
below). The surface tension of liquids can be measured, but since P can- 
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not be determined experimentally, the above equation cannot be utilized. 
If it were possible to measure P, one could determine n (the number of 
particles per unit volume), and thus calculate the degree of association. 
As regards the solid state, it ajupears at first sight that P can be calculated 
from breaking-stress experiments with crystals, but these experiments 
give very low values 1S because of the invisible cracks which are always 
present in real crystals. If a crystal is “cured” in a hot saturated solution 
of the same substance, 19 the breaking stress is greatly increased.* It will 
be some time, however, before such problems concerning the solid state 
can be resolved quantitatively, and it is therefore advisable to concentrate 
on liquid systems. If n cannot be estimated by the formula given in 
section III, it can be derived indirectly by using liquid-liquid systems 
in a state of equilibrium. However, only systems consisting of two par¬ 
tially soluble liquids, where the media on either side of the interface are 
fluids, can be successfully investigated. This is an essential condition for 
experimentation by known methods. 

Antonoff’s Law Deduced. From the above considerations, AntonofFs 
law (see section II) can be deduced theoretically. When two liquids are 
in equilibrium, the following relationship must be valid: 

P 12 ~ Pi ~ P‘2 

where P ± is the inward pressure in one layer, P 2 that in the other, and P 12 
is the resultant force at the interface. P t is expressed in terms of surface 
tension by 

The inward pressure for the other layer, similarly expressed would be 

P 2 = Ky 2 n^ 

Therefore 

P 12 = P x - P 2 - KhpW - 7,/Zo 1 ' 3 ) 

and 

^12 = Kv 12 n 12 

Two Equimolecular Liquid Layers. The expression derived above be¬ 
comes identical with AntonofFs lawf if 

W 12 5=5 n i =n 2 

which means that both layers contain an equal number of particles per 
unit volume. Here and y 2 are the surface tensions of saturated layers 

* Carefully annealed glass tubes can withstand pressures up to 1000 atmospheres, 
in a Cailletet pump, if after annealing they are prevented from touching other glass 
(in the latter case invisible cracks are formed). One can boil water for years in an 
annealed glass, whereas ordinary glass usually breaks very soon. 

f K must be the same in these expressions if the molecular concentrations are 
identical. 
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measured against their common vapor; y 12 is the interfacial tension; n x 
is the number of particles per unit volume in one layer; ?t 2 the number 
of particles per unit volume in the other layer; and n V2 is the number of 
particles per unit volume in the immediate neighborhood of the inter¬ 
face. But this can only be true if combinations are formed. The mole¬ 
cules added must combine with some of those in solution without in¬ 
creasing the total number of molecules. These combined or complex 
molecules will be called particles or aggregates, to distinguish them from 
simple molecules. However, they are not chemical compounds in the 
ordinary sense because they cannot be isolated. They are “equilibrium 
compounds/* existing only under equilibrium conditions. Experimental 
evidence fully supports this view. 

Cancellation of Molecular Forces Within the Liquids . Internal pressure 
is an elusive property. It is known that a greased steel needle can float 
on the surface of water, since it is supported by surface tension forces. 



Figure 11. Molecule pulled by equal forces in opposite directions. The 
forces are balanced and thus cancel each other. 


If forced into the water, it sinks, because it is then affected by balanced 
forces; on the surface, the forces are unbalanced. However, this does not 
signify that internal pressure does not exist. If a liquid is enclosed in a 
cylinder with a piston, the work necessary to break the properly deaerated 
column of liquid is enormous. 

Theory of Solutions: Gas Lazvs . Let us assume that in a substance, A, 
a certain amount of substance, B, is dissolved. According to van't Hoff's 
theory, the dissolved substance behaves like a gas aiid is subject to all 
the gas laws. The solvent does not contribute any of its properties to 
the solute; in fact its influences are negligible. 

The gas laws are supposed to be accurate only in dilute solutions. In 
concentrated solutions deviations are generally observed which are at¬ 
tributed by many authors to van der Waals’ attractions. Yet, from the 
above considerations, it is obvious that these irregularities are not caused 
by molecular forces,* but rather by the number of molecules in solution. 
Substance A may be associated, containing particles of various degrees 
of complexity in addition to simple molecules. The same applies to sub¬ 
stance B . Furthermore, A and B can also form associated molecules of 
mixed composition. We are here confronted with a complex system. 

* In its effect this theory is identical with that of Duclaux, but the interpretation 
is different .20 
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Modern Views. We now know that atoms and molecules are not simple 
spheres, as the classical theory assumed. There is no fixed law of molec¬ 
ular attraction; this factor may vary between the inverse seventh power 
and inverse square of the intermolecular distance. In the latter case we 
are dealing with long-range forces. However, the results presented here, 
relating surface tension and inward pressure, are not dependent on the 
law of molecular attraction. The possibility of a long-range force, how¬ 
ever, is an important factor. As a result of optical observation, McBain 
believes in long-range forces. 22 It is significant that polar substances in 
capillary experiments behave in such a way that it appears necessary to 
invoke the existence of long-range forces. Nowadays it is evident that 
“no single and simple type of force field represents the results with any 
degree of exactness.” 2S > * 


IV. Experiments Corroborating the Theory 

Definition of Equilibrium. Systems are in equilibrium if their prop¬ 
erties do not change with time. In liquid-liquid systems this condition is 
not necessarily established by simply mixing the two liquids. Apart from 
thermal equlibrium established in 20 to 30 minutes, reversible changes 
taking place in solutions require time. In some cases the changes are 
rapid, in others they take several weeks or months. The latter is true of 
substances of a high degree of purity. Impurities act catalytically to 
accelerate the attainment of equilibrium. Thus, the time factor must 
be introduced into these studies as a definite parameter. The physical 
properties of liquids may be entirely different, depending on their pre¬ 
vious history.f For example, for the phenol-water system one author 
found 24 

7i - 7 2 > 7 12 

Another found: 


7i - 7 2 < 7 12 

However, neither of them worked under conditions of equilibrium. In 
the one case, the phenol used was kept in a cool place; in the other, in 
a warm place. It takes from six to ten days to bring the system phenol- 
water into equilibrium, after which time the relationship 


7i - 7 2 = 7 12 

holds consistently. When systems proceed toward equilibrium, their 
physical properties fluctuate within wide limits. In most cases the third 

* Details regarding the structure of molecules and the nature of forces between them 
can be found in P. Debye’s monograph, “The Dipole Moment and Chemical Struc¬ 
ture,” London, Blackie and Co., Ltd., 1931. 
f This is one reason why alcoholic beverages change their taste in time. 
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decimal is affected in densities, indicating that this is not a surface 
phenomenon. These fluctuations practically vanish when equilibrium is 
established. In a state of equilibrium there can be no difference of poten¬ 
tials between components.* 

Crucial Experiments and Their Consequences. The theory indicated 
that two liquid layers in equilibrium must contain an equal number 
of particles per unit volume. How is this possible when the concentra¬ 
tions of the layers are so different? Investigation of the freezing-point 
curves explains this phenomenon. 25 A typical example is given in 
Figure 12. 



Figure 12. Typical freezing-point curve of 
two-phase liquid-liquid systems. 


For the pure substance, A, the freezing point is shown by the highest 
point on the diagram. The addition of solute, B, causes lowering of the 
freezing point until a separation into two phases takes place. The dotted 
curve is the so-called solubility curve, within which there are two liquid 
layers; outsde this curve the system is homogeneous. The curve dips down 
co point E, called the eutectic point. On further increase of concentra¬ 
tion, the curve rises again and reaches C, the freezing temperature of the 
component, B. At point m, a trace of the second layer appears. Its relative 
volume increases with further addition of component B. At point n, the 
first layer disappears and the whole mass is represented by the second 
layer. Between m and n 9 the system consists of two layers and the freezing 
point remains constant. Thus, the two layers are made up of two solu¬ 
tions situated on one side of the eutectic point; they are therefore solutions 
in the same solvent and on freezing they separate the same kind of ice. 

Colligative Properties Identical for Two Liquid Layers in Equilibrium . 
The freezing point is one of the four colligative properties (see page 84) 
which are identical for any two liquid layers in equilibrium. Thus, if the 
gas laws hold, the two layers contain an equal number of particles per 
unit volume. 

* If two identical electrodes are inserted into a two-layer system in equilibrium, no 
difference of potential can be observed if the system conducts the electrical current. 
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Conclusion . No better confirmation of the theory can be expected. The 
very formation of two liquid layers necessitates the formation of complex 
molecules in solution. The actual experimental data are given in journal 
references. 23 


V. Extension of the Theory to Liquid-Vapor Systems 

The analogy between liquid-liquid and liquid-vapor systems is strik¬ 
ing, except that in the investigation of the latter we are handicapped 
by the lack of suitable methods. We cannot measure the surface tension 
of a vapor experimentally, and we have no means of showing directly 
whether AntonofFs law is valid for liquid-vapor systems. However, a 
study of critical phenomena will shed some light on the question. 

Critical Region. Known critical phenomena are of two kinds: 

(1) In some cases a substance condenses within a solvent. This con¬ 
densation results in the formation of two liquid layers, or two liquid 
phases, which we describe as liquid-liquid systems. The latter systems 
are suitable for establishing AntonofFs law. As a rule these systems have 
a critical point,* called the critical point of dissolution or consolute 
point , above which the two layers mix, whereupon the systems become 
homogeneous. In the critical region, i.e., all around the critical point, 
the surface tension is independent of concentration; 6 i.e., when separa¬ 
tion into two phases takes place, both phases have the same surface ten¬ 
sion, as can be shown by direct measurements; y 12 equals zero, and the 
meniscus separating them is flat. 

(2) In other cases, a pure substance condenses below its critical point 
in a space not otherwise filled, or, in vacuo . It separates into two phases, 
liquid and vapor. Just below the critical point the meniscus is fiat and 
there is no capillary rise. This means that AntonofFs law in its special 
form 

■Vi - Vt = -Via = 0 

is valid, where y x is the surface tension of the liquid, and y 2 that of the 
vapor. By the capillary method, we measure the interfacial tension y 12 
equals zero. This shows that vapors have a surface tension, because the 
flat meniscus is an indication that both phases have the same surface 
tension. This procedure is referred to in the literature as AntonofFs 
method of flat meniscus. 26 

Colligative Properties. In liquid-liquid systems we may make use of 
the four colligative properties; we base our conclusions as to the molec¬ 
ular status of the dissolved substances on the effect they produce on the 

* This region is characterized by an intense opalescence, which can best be observed 
in the aniline-amylene (trimethyl-ethylene) system, where the critical temperature is a 
little lower than room temperature. 
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solvent. The two liquid layers have the same vapor pressure and they 
are isoosmotic. This can be understood if one assumes that simpler 
particles in one layer are in equilibrium with more complex particles in 
the other, both dissolved in the same solvent. 

If we imagine that the solvent has vanished, what remains is an exact 
picture of a liquid-vapor system. The vapor exercises a certain pressure 
outwardly; so does the liquid. These two pressures must be equal. Pres¬ 
sure is a colligative property because it depends on the number of par¬ 
ticles per unit volume. 

Rectilinear Diameter. The analogy with liquid-liquid systems is also 
seen in the so-called rectilinear diameter (Figure 13, line R ). In liquid- 
liquid systems the solubility curve is determined by Alexeiev’s method. 



Figure 13. Density - temperature curve 
comprising two phases. Curve has shape 
of an asymmetric parabola. Outside it the 
system is homogeneous; inside it there are 
two phases. At the apex of the curve is 
the critical point. Line R is the rectilinear 
diameter. For liquid-liquid systems, this 
curve is called the solubility curve. 


Liquids of different concentrations are sealed in test tubes. The tem¬ 
peratures are observed when the liquids separate into two layers or 
otherwise. The temperature-composition curve is a slightly asymmetrical 
parabola, the two branches of which meet at the apex where the critical 
point is located. Or one may plot densities against temperatures. The 
branch on the right gives the densities of the heavier layer (d 3 ), and that 
on the left, the densities of the lighter layer (d 2 ). There is a similar curve 
for liquid-vapor systems, with d 2 representing the density of the liquid, 

j | jt 

and dj that of the vapor. The values plotted against the tem¬ 

perature lie on a straight line, which is known as the rectilinear diameter 
of Cailletet and Mathias. 

Aggregates in Pure Liquids. Assuming Antonoff’s law valid for liquid- 
vapor systems, both liquid mid vapor must contain an equal number of 
particles per unit volume. The process of association of simple molecules 
begins well above the critical point. At some distance from the critical 
point, the pressure-volume curve becomes horizontal, the pressure (P) 



GEORGE ANTONOFF 


105 


becoming independent of volume (V) in the critical region extending all 
around the critical point, the region being characterized by the phe¬ 
nomenon of opalescence (Figure 14).* 

The interpretation of the process of condensation in the critical 
region 28 is as follows: Simple molecules combine with each other to form 
double molecules in such a way that by the time the critical point is 
reached, one-third of the molecules has combined with another third. 



-VOLUME 

Figure 14. Pressure-volume relationship near the critical point, as 
obtained experimentally. It differs from diagrams based on van der 
Waals' equation. 


Thus, the system contains an equal number of double and single mole¬ 
cules. Just below the critical point, the two kinds of particles separate 
without an appreciable expenditure of energy. The separation takes 
place at a certain temperature because the double molecules suffer a 
diminution in kinetic energy, which causes their sedimentation. Under 
these conditions, just below the critical point the ratio of the densities is 



Thus, if the molecular weight of the gas is A, that of the liquid in this 
condition will be A s . In other words, the association factor is 2. However, 


*A theory of opalescence has been given by Einstein and Smoluchowski.27 
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it increases with the decrease in temperature because di increases and 
d v decreases. At low temperatures, the degree of complexity of the aggre¬ 
gates formed becomes enormous: liquids approach the realm of colloids. 

The fact that densities change with temperature in a discontinuous 
manner suggests that the process of aggregation of matter takes place in 

several stages. If one estimates the ratio corresponding to kinks, the 

d<Q 

ratio appears to be equal to some simple integer. However, the existing 
data are not accurate enough and the conclusions derived are of specula¬ 
tive nature. The following changes were deduced for hexamethylene 2 : 


A + A 

- a 2 

2A 2 


or 3A 2 

= Aq 

6A 4 

— A 24 

or 4As 

— A 24 

4^24 

= ^96 

6^96 

= ^576 


X-Ray Analysis. A similar picture is revealed by x-ray analysis. These 
results can be found summarized in a statement by Mark. 29 

“Individual particles of a liquid do not, like those of a perfect gas, 
assume at random all possible positions and orientations in space but 
their mutual arrangement resembles very largely that of the crystalline 
state. In this sense we may conceive of the liquid as an aggregate of 
numerous very small crystals in which each individual does not show 
exactly the arrangement characteristic for it in the crystal but assumes 
a series of temporary positions. These small crystallites (each consists only 
of 10 to 100 atoms) are only very short-lived. They disband continually 
and recrystallize so that a given particle belongs for an instant to one 
of these small aggregates, then to none, then to a subsequent one which 
has been formed in the meantime, and so on. . .” 

However, these crystallites are too small to be taken into account in 
this theory. It is therefore assumed that there must be a secondary struc¬ 
ture, similar to that proposed by Bragg 30 for the crystalline state. This 
structure is not revealed by x-ray analysis. The cybotactic groups of 
Stewart apparently are a manifestation of this same phenomenon. 31 

All Liquids Are Associated. This theory indicates that at low tem¬ 
perature the liquid must consist of enormous aggregates which are in 
equilibrium with more simple particles in the vapor phase. The number 
of particles in both phases must be the same. The mobile equilibrium 
between liquid and vapor must be maintained in the following way: 
Large particles are shot off by the liquid into the vapor, where they dis¬ 
integrate into simple molecules, thus increasing the vapor pressure. This 
increased pressure causes the return of molecules from the vapor to the 



GEORGE ANTONOFF 107 

liquid, where they join the aggregates in the manner described. Simi¬ 
larity, we can imagine an equilibrium comprising the solid phase. 32 
According to the theory outlined, all substances are associated, irrespec¬ 
tive of whether they are described by current theories as normal or as¬ 
sociated. Also, the interval of temperature between two kinks may be 
different in various cases. 

Causes of Irreproducibility of Experimental Data . Liquids consist of 
several molecular species which are not necessarily in equilibrium with 



Figure 15. Fluctuations in properties of liquid-liquid systems on the 
way towards equilibrium. 


one another. Impurities, such as water, may have a catalytic effect in the 
process of attaining equilibrium. The experiments of Baker on excessive 
drying 33 indicate this. Although his results have not received general 
recognition, there is certainty an element of truth in them. Experiments 
with phenol are also of interest in this connection. When freshly distilled, 
phenol is not hygroscopic, but after six months or so it becomes sticky. 
Even in a sealed zinc container, phenol generally liquefies after standing 
for several months or years. This is not due to moisture, but to some 
reversible process whereby phenol is transformed into another modifica¬ 
tion, possibly its keto form. The initial content of moisture determines 
the velocity with which the above transformation takes place. That is 
why numerical data for liquids are often irreproducible and figures by 
different authors diverge within wide limits. 

Fluctuations. The properties of two-phase liquid systems approaching 
equilibrium fluctuate. The two layers were kept together in a thermostat 
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and small portions were taken for analysis. A 25-cc pycnometer was filled, 
brought to the mark in a thermostat, and weighed. The aqueous layer 
showed marked changes in density, and the surface tensions of both 
layers also fluctuated. These changes ceased when the system reached 
equilibrium, and it was therefore concluded that they were not due to 
any fault in experimental technique (Figure 15). 

Fluctuations Under the Effect of Radiations . In previous publica¬ 
tions 34 * 33 two series of experiments are mentioned. In one, with 300 mg 
of radium sealed in glass and placed in a liquid, the sample is described 



as “radiated”; the other sample, described as “non-radiated,” was under 
the effect of the same quantity of radium placed at a distance of five 
feet and screened by two inches of lead. The fluctuations showed even a 
larger amplitude in the latter case, probably due to secondary radiation 
(Figure 16). 

At the same time, observations were made with homogeneous liquids.* 
Solutions of aluminum sulfate in water showed changes in weight 
amounting to about 5 mg of the weight of a 25-cc pycnometer, an effect 
well above the limits of experimental error. Experiments recording fluc¬ 
tuations of the same magnitude with systems w T hich quiet down on 
reaching the state of equilibrium make it quite evident that these effects 

* On December 19, 1947, a letter was written to the Phys. Rev. by J. B. Hawkes and 
R. W. Astheimer, contradicting this reports But these authors did not work in the 
presence of radiation. Secondly, they measured refractive indices and not densities. 
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are real. Fluctuations of the same erratic character were also recorded 
with ethyl alcohol, although with a smaller amplitude. 

At present it appears that the amplitude of the fluctuations is corre¬ 
lated with the length of the chain in the organic compound in solution. 
Fluctuations of such magnitude support the theory of aggregates. Liquids 
built up according to the van der Waals’ theory would not show these 
effects. 


VI. Historical Survey and Conclusion 

The science of liquids has been neglected in recent years because 
general interest was directed towards atomic phenomena and the solid 
state. X-ray analysis revived interest in liquids, but the information thus 
obtained is incomplete. It is therefore necessary to consider the question 
of molecular aggregation, which has a long history. Mendeleiev 36 stated, 
in 1887, that the properties of solutions are discontinuous functions of 
concentration. Extensive work on liquids was carried out by him and 
his school, but his conclusions have remained unknown to the outside 
world. Properties of liquids as a function of temperature are also dis¬ 
continuous, this effect being shown in the third decimal of densities. 
When AntonofFs theory led to this conclusion, systematic investigation 
confirmed his theory as a general law. The then-current theories were at 
variance with this law, but Antonoff succeeded in convincing Arrhenius 
of the validity of this law. The latter transmitted AntonofFs manuscript 
to the Z. Phys. Chem ., 37 where it was translated by the editor, Karl 
Drucker, who shared the views expressed and had a similar theory of his 
own. 38 Following publication of his paper, 1 Antonoff received word that 
Geissler had observed discontinuities in benzene. 4 

AntonofFs theory resembles that of de Heen, 39 who had no experi¬ 
mental data to substantiate it at the time. De Heen's theory was super¬ 
seded by that of van der Waals, which reigned for half a century. Finally 
van der Waals changed his views and recognized aggregates. 40 A good 
review of the literature up to 1929 can be found in a paper by Lon- 
ginescu. 41 A more recent monograph by Frenkel gives the literature up 
to 1946. 42 This author, however, takes a one-sided view and ignores 
completely the extensive work on liquids by Mendeleiev and his school. 
The slow progress made in studies of liquid state was due to the failure 
of the investigators to recognize aggregates. 

The theory of Duclaux 20 accidentally falls in line with that herein 
proposed. This author suggested, as a matter of expediency, that devia¬ 
tions from gas laws be attributed to associations in order to make it 
possible to apply the laws of “chemical mechanics.” It is not customary 
to apply quantum mechanical treatment to liquids. Debye has emphasized 
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that no substantial advantages can be gained from it, and therefore 
Andrade, in his theory of viscosity, avoids this approach. 43 However, 
Born recently stated 44 : It is found that the quantum laws governing 
the behavior of matter in bulk are identical with classical laws, but the 
atomistic interpretation of the quantities appearing in the equations 
show great deviations from ‘classical' liquid behavior. 

If the current concept of molecules is replaced by that of aggregates, 
the kinetic theory formulated for gases works perfectly when applied 
to liquids. Each aggregate is an individual particle, subject to the laws 
of kinetic theory, as demonstrated by Antonoff. The relationships here 
deduced are exact because they are based on the laws of equilibrium— 
a fundamental concept of Gibbs. They give a definite indication as to 
the number of particles but not their nature and composition, which 
are better revealed by optical or x-ray methods.* 
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FERROMAGNETISM IN THE 
COLLOIDAL PARTICLE 


L. J. E. Hofer 

Central Experiment Station, Bureau of Mines, Pittsburgh, Pa. 


The Physical Basis of Magnetism 

Very few direct experimental data on the nature of ferromagnetism 
in particles of colloidal size are available. Nevertheless, this problem 
vitally affects many important subjects such as the chemical processes 
involving iron, cobalt, and nickel as catalysts; the fluidization prop¬ 
erties of ferromagnetic particles; and suspensions of ferromagnetic par¬ 
ticles which are used in the magnetic clutch. The basic aspects of the 
relationships between particle size and ferromagnetic properties will be 
outlined here. 

All matter can be conveniently classified as diamagnetic, paramagnetic, 
or ferromagnetic. 1 ' 3 * 19 » 27 * 29 * 32 * 33 Paramagnetism is caused by a permanent 
atomic or molecular moment resulting from the spin of a single unpaired 
electron or from the resultant spin of an uncompleted shell of electrons. 
That paramagnetism is caused mainly by unbalanced electronic spin has 
been convincingly demonstrated by gyromagnetic experiments . 2 The 
magnetic moment associated with nuclear spin and with the orbital 
motion of electrons is, in general, very minor compared with that pro¬ 
duced by electronic spin itself. Ferromagnetism is a special case of para¬ 
magnetism. It occurs if the parallel alignment of the magnetic dipoles is 
thermodynamically more stable than the disordered arrangement nor¬ 
mally exhibited by paramagnetic substances. By virtue of its ordered 
arrangement, the ferromagnetic state has a lower entropy than the dis¬ 
ordered paramagnetic state and will occur only when favored by low 
temperatures. As a result, every ferromagnetic material can exist in both 
its characteristic ferromagnetic condition at low temperatures and in a 
paramagnetic condition at high temperatures. The transition tempera¬ 
ture is known as the “ferromagnetic Curie point.” It should be pointed 
out that the orientation of the magnetic dipoles is relatively independent 
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of the orientation of the crystal structure, although there are certain 
crystal axes along which magnetization is easiest. The forces in ferro¬ 
magnetics which make the oriented condition more stable than the un¬ 
oriented condition of the magnetic dipoles will be discussed later. In 
general, ferromagnetism can be considered as a cooperative phenomenon 
of a group of atoms or molecules and is not the result of the individual 
action of atoms or molecules. Ferromagnetism is thus never exhibited 
by liquids or gases, but only by solids or by solids dispersed in fluid 
media and should, therefore, be of particular interest to colloid science. 

All substances, whether or not they contain permanent magnetic 
dipoles, exhibit the phenomenon of diamagnetism. The diamagnetism is 
simply superimposed on the paramagnetism or ferromagnetism, if either 
one is also present. For convenience in classification, only those materials 
which are neither ferromagnetic nor paramagnetic are designated as 
diamagnetic. The phenomena of diamagnetism are all based on the in¬ 
duction of a magnetic dipole by means of an external magnetic field. 

The following may be noted as practical characteristics of diamag¬ 
netism, paramagnetism, and ferromagnetism: Diamagnetics tend to be 
repelled by a magnetic field, i.e., they tend to move in a direction away 
from the greater field densities; paramagnetics are attracted by a mag¬ 
netic field, i.e., they move in the direction of greatest field density. (An 
exception to the above is found in molecular diamagnetics where, under 
unusual circumstances, a molecule having no permanent magnetic dipole 
may act as a feeble paramagnetic.) In general, the magnitude of the force 
of repulsion on a diamagnetic is much weaker than that of the force of 
attraction on a paramagnetic when these are placed in comparable mag¬ 
netic fields. 

The force of attraction on a ferromagnetic is of an entirely different 
order of magnitude when ^compared with that of a paramagnetic. Only 
if a body is ferromagnetic will it respond perceptibly to the fields ordi¬ 
narily available with small portable permanent magnets. Probably the 
most characteristic feature of ferromagnetics is the Curie point at which 
ferromagnetism changes to paramagnetism. The Curie points of the 
ferromagnetic elements are: a-iron, 760°C; cobalt, 1120°C; nickel, 360°C; 
and gadolinium, — 257°C (16°K). Ferromagnetism is not common in 
nature, although it is probably more common than is generally realized. 
Many of the oxides, carbides, nitrides, hydrides, and alloys of these ferro¬ 
magnetic elements are also ferromagnetic. Of particular interest are the 
ferromagnetic alloys and compounds of materials such as manganese and 
chromium which are normally nonferromagnetic. These ferromagnetics 
include some of the nitrides, phosphides, arsenides, stibides, silicides, 
stannides, hydrides and borides of manganese and also some of the 
oxides, tellurides, and platinum alloys of chromium. The Heusler-type 
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alloys—AlMnCu 2 , MnSnCu 2 , SnMn 3 Cu 6 , Ag 5 MnAl, and others—are ferro¬ 
magnetic and of great theoretical interest. 16 * ]7 


Ferromagnetism 

For further development of our subject, it will be necessary to define 
magnetic moment, intensity of magnetization, and specific magnetization. 
Consider a permanent magnet of length l and pole strength m placed in 
a field H and making an angle with the direction of the field. Each 
pole will experience a force of 

F =* mH (1) 

and the two forces will form a couple whose moment is 

L = r JmH sin <t> (2) 

Since L, H, and <f> can be independently and experimentally determined, 
the quantity ml is exactly defined even though, independently, l and m 
are incapable of exact definition. This quantity, ml, is called M, the 
magnetic moment. It can be shown that the force, F, experienced by a 
magnet of moment, M, is simply 


F x 



(3) 


The intensity of magnetization, I, of a magnet is defined as M/V, where 
V is the volume of the magnet. Similarly, the specific magnetization, a, 
of the magnet is M/W, where W is the mass of the magnet. 

Since the magnetic order of the ferromagnetic material is destroyed at 
the Curie point, 0 , the energy involved must be of the order kO, where 
k is the Boltzmann constant. This energy may be evaluated in terms of 
a field H and the magnetic moment, /fyz, of the individual magnetic 
dipole, where p is the magnetic moment of the spinning electron (Bohr 
magneton per mole), and t u is the number of Bohr magnetons of the 
specific ferromagnetic. Thus, 


kd « H$n (4) 

For metallic iron, 6 = 1040°K and /u = 2.22. 


H « 


1040 X 8.314 X 10 7 
5563 X 2.22 


« 7.03 X 10 6 gauss 


(5) 


This is an exceedingly strong field which has not been achieved experi¬ 
mentally to date. The ordering of the individual magnetic dipoles can¬ 
not, therefore, be attributed to any external field; nor can it be due to 
the magnetic interactions of the individual dipoles themselves, for calcu¬ 
lations show that magnetic interaction is barely sufficient to account for 
a Curie point of about 1°K. 
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Weiss 2T ’ 32 circumvented this dilemma by assuming the existence of an 
“internal field’’ of the order of 10 4 times the magnetic interaction of the 
elemental magnetic dipoles. With this assumption, Weiss was able to 
describe mathematically, and with a fair degree of accuracy, many phe¬ 
nomena of ferromagnetism. As a necessary corollary to the “internal 
field,” Weiss was forced to conclude that ferromagnetic material was 
composed of many tiny volumes, each completely magnetized to satura¬ 
tion in a direction of easy magnetization. In the unmagnetized state 
below the Curie point, these tiny volumes are so arranged that their 
magnetic effects mutually cancel. When a gradually-increasing magnetic 



Figure 1. Schematic plot of intensity of magnetization, I, as a func¬ 
tion of field, H, for the initial magnetization of a ferromagnetic. 


field is applied to an “unmagnetized” ferromagnetic, the resulting mag¬ 
netization is observed to proceed in three successive stages as follows: 
(1) Those domains which have a component of magnetization in the 
direction of the applied field tend to grow at the expense of other do¬ 
mains; (2) those domains having a negative component in the direction 
of the applied field tend to reverse their magnetization suddenly, an 
irreversible process which results in tiny discontinuities (Barkhausen 
effect) of the magnetization curve; (3) the magnetic orientation of the 
domains which, by the end of process (2), lay in one of the directions of 
easy magnetization, are rotated with increasing field strength to coincide 
with the direction of the applied field. This latter process requires very 
high field strengths. The directions of easy magnetization are: [100] for 
a=Fe, [111] for nickel, [001] for cobalt below 270°C, and [100] for cobalt 
above 270°C. 5 The schematic magnetization curve is shown in Figure 1. 
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The maximum magnetization for infinite field at any given temperature 
is designated by /»• 7^ is a function of temperature only, varying from 
zero at the Curie point to 7co, 0 at the absolute zero, where it is a maxi¬ 
mum. /oo, 0 is a characteristic constant of each ferromagnetic. When 
7ooco, o is plotted against the corresponding T/0, the resultant curves 
for most ferromagnetics very nearly coincide (Figure 2). 

Heisenberg 32 showed that the “molecular field” of Weiss is really an 
exchange energy of electrostatic origin. This exchange energy is best 



Figure 2. Reduced thermomagnetic curve of Fe, Fea0 4 , FesC, and Ni. 


measured in terms of J, the exchange integral, or T c , a mathematically 
derived Curie temperature. Two cases of the Heisenberg theory of ferro¬ 
magnetism are readily solvable. For the first case, S, the spin quantum 
number, is assumed equal to 1 /2, and the energy states of a crystal be¬ 
longing to a particular spin are assumed to be distributed as a continuum 
according to a Gaussian distribution. This case leads to an expression for 
the Curie temperature as follows: 

T c = 2 JZSiS + l)/3* (6) 

where Z is the number of neighbors of each atom. In the second case, 
S is allowed to be arbitrary, but the less realistic assumption that all the 
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crystalline states of the same spin have the same energy must be made. 
These assumptions lead to an expression for the Curie point of 

T e = 2J/t(l - Vi - 87Z) (7) 

Above the Curie point, Heisenberg's considerations lead to the follow¬ 
ing equation for magnetic susceptibility: 

X - 4JWSCS + l)/3 k(T - T e ) (8) 

where N is the number of molecules per unit volume, /3 is the Bohr 
magneton (0.9174 x 10- 20 e.m.u.); the other symbols have been previously 
defined. It will be seen that equation (8) has the form % = C/(T -fA) which 
Curie found to describe the behavior of most paramagnetics. (A which 
equals — T c has no significance for ferromagnetism when positive. When 
A is negative, it is known as the paramagnetic Curie point. For most 
ferromagnetics, the paramagnetic Curie point is some 10 to 20°C higher 
than the ferromagnetic Curie point. A negative A is not necessarily a 
criterion of ferromagnetism.) 

Equation (6) shows that, with the assumption of a Gaussian energy 
distribution for the crystalline states, the necessary condition for ferro¬ 
magnetism is that the exchange integral, J, be positive. Even when / is 
positive, a real Curie temperature may not exist if a non-Gaussian dis¬ 
tribution of energy levels is assumed. Equation (7) shows that a real T c 
is achieved only if Z > 8. Heisenberg points out that the common ferro¬ 
magnetics, iron, cobalt, and nickel, are either body-centered cubic (Z = 8), 
face-centered cubic (Z=12), or close-packed hexagonal (Z=12). Thus, 
there may be other criteria for ferromagnetism in addition to a positive /. 

Slater, 31 in expanding on Heisenberg’s work, has shown that two con¬ 
ditions must be met in order to have a sufficiently large positive J for 
ferromagnetism: (1) There must be an uncompleted quantum shell of 
high-azimuthal quantum number (d or /); and (2) the radius of this shell 
must be small compared with the interatomic distance of the nearest 
atoms of the same element. The ratio, v, of the interatomic distance to 
the radius of the uncompleted quantum shell has been calculated by 
Slater, and the results are given in Table 1. From these data and equa¬ 
tion (6), a semi-quantitative relation between J and v can be determined 
(Figure 3). This graph suggests that elements such as manganese and 
chromium can become ferromagnetic if the interatomic distance is in¬ 
creased by some means so that the ratio v falls in the ferromagnetic range. 
This is precisely what seems to occur in the case of manganese nitride, 
carbide, and hydride, which are well-known interstitial compounds and 
are definitely ferromagnetic. In these compounds, the lattice parameters 
are considerably greater than would be expected if the manganese atoms 
were separated by the normal Mn-Mn distance found in manganese 
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metal. Presumably, the ferromagnetism of the arsenides, phosphides, 
stibides, bismuthides, sulfides, selenides, tellurides, silicides, and stannides 
is attributed to a similar relationship. Similarly, certain chromium 
tellurides, hydrides, arsenides, and oxides are ferromagnetic. Ferromag¬ 
netism is not as common among chromium compounds as among man¬ 
ganese compounds because of the greater increase in interatomic distance 
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Figure 3. Schematic plot of the exchange integral, J, as a func¬ 
tion of the ratio of interatomic distance to quantum shell radius. 


necessary to bring the compound into the ferromagnetic range. An in¬ 
teresting case of this same phenomenon is presented by the Heusler 
alloys. 16 * 17 * 24-26 In these alloys, under proper annealing conditions, a 
super-lattice is believed to be formed in which the Mn-Mn distance is 
in the ferromagnetic range. Generally, the term “Heusler alloys” includes 
Mn-Al-Cu and the Mn-Cu-Sn alloys. In these ternary systems, the com¬ 
positions MnAlCu 2 , MnSnCu 3 , and SnMn 3 Cu 6 give maximum specific 
magnetizations. For the first composition, x-ray studies have definitely 
proved the existence of a super-lattice. Arsenic, antimony, bismuth, and 
boron can replace aluminum in these alloys without materially affecting 
the ferromagnetism. A closely related compound, Ag g MnAl, is also ferro¬ 
magnetic. 
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Table 1. The Ratio of Interatomic Distance to 
Quantum Shell Radius for 
Ferromagnetics and Near-Ferromagnetics 
Mn Fc Co Ni Pd Pt Ce Yb 

2.94 3.26 3.64 3.96 2.82 2.46 3.20 5.28 

On the basis of purely experimental data, Dehlinger 6 has proposed to 
determine the course of the curve for J versus interatomic distance. 
Dehlinger’s J is, however, a composite involving not only the interactions 
of nearest neighbors but also the interactions of neighbors farther re¬ 
moved. Dehlinger has been quite successful in applying his theory to the 
study of alloys. 

Slater 80 and others have been successful in applying the band theory 
of metals to the properties of ferromagnetics. From this viewpoint, the 
electrons are considered free, with minor restrictions imposed on that 
freedom by the electrostatic fields of the metal ions. According to this 
theory, the 3d and 4 s shells of iron, cobalt, and nickel are incompletely 
filled, and the manner of distribution of the electrons between these 
shells determines the magnetic moments. This theory has proved useful 
in determining how /«, varies with composition in certain ferromagnetic 
alloys. 
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Colloidal Phenomena and Ferromagnetism 

As has been already mentioned, a ferromagnetic, even in its demag¬ 
netized state, consists of domains which are uniformly magnetized to 
saturation. Although the domain theory has been very useful, it has been 
difficult to obtain much information concerning the shapes of the do¬ 
mains by either a theoretical or experimental approach. Elmore and 
McKeehan 11 have studied the patterns produced by applying a colloidal 
suspension of magnetite to carefully polished ferromagnetics. Later, it 
was shown that this technique could yield more characteristic results if the 
ferromagnetic was electrolytically polished. Very recently, Williams 35 * 30 
and his co-workers have succeeded in interpreting the powder patterns 
in some detail. There are three forms of energy which determine the 
size and shape of the magnetic domain. ls These energies are the surface 
energy of the domain boundaries, the magnetic field energy of the 
configuration, F nu and the anistropy energy of spin orientation, F a . That 
domain geometry is assumed which gives the lowest total energy for all 
these different forms. The energy of the Bloch wall or domain boundary 
can be written 

F w = w/A ( 9 ) 

where A is the surface area of the domain and w is the energy associated 
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with the surface per unit area. This energy has been calculated to be 
about 1 to 5 ergs/cm 2 . The magnetic energy, F m , is given by the formula 

F m = -\/2 fj(H ■ I)dV (10) 

where I is the intensity of magnetization, and H is the magnetic field 
produced by the magnetization. H 9 more specifically, is NI, the product 
of the demagnetizing factor, N, and the intensity of magnetization. 
Therefore, 

F m = NPV/2 (11) 

The anisotropy energy is 

Fa = PaYa (12) 

where p a is the anisotropy energy, per unit volume, of domains oriented 
in directions away from an axis of easy magnetization, and V a is the total 
volume of the domains in the specimen not oriented near an easy direc¬ 
tion. p a is of the order 10 5 to 10 6 ergs/cm 3 . From these relationships it 
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Figure 4. Domain configurations in small par¬ 
ticles. (After Kittel. 18 ) 




should be obvious that as the particle size decreases, F v , the domain 
boundary energy, becomes large as compared with volume energies, F a 
and F m . Thus, a point is eventually reached where a structure containing 
Bloch walls is metastable with respect to one which does not have them. 
In other words, each particle will be a single domain and will act as a 
permanent magnet. Kittel’s 18 calculation for a tiny ferromagnetic cube 
is very instructive. Consider particles in the form of cubes of edge length 
L , one containing a single domain and one containing four domains as 
shown in Figure 4. In the case of the particle containing a single domain, 
the energy is entirely magnetic and is given by 

F m = (2r/3 )PL* (13) 

In the case of the particle containing four domains, the flux circuit is 
closed internally so that F m = 0. The wall energy is 

(14) 


F w = 2V2 wL* 

The anisotropy energy is approximately 

F a - pJL z /2 


(15) 
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The critical case is the one where the energy of the particle containing 
four domains equals the energy of the particle containing a single do¬ 
main. From this relationship, the critical diameter can be calculated 

Lc = (2ir/3)l*- pa/2 “ 1,5 X 10-6 cm (16 ^ 

Direct experimental evidence that small particles of magnetite behave 
as permanent magnets has been obtained by Elmore. 9 ’ 12,13 In order to 
interpret his results, it was necessary to postulate that each colloidal 
particle behaves as a molecule of a paramagnetic gas. The experimental 
results of Montgomery 21 and Heaps 14 essentially support Elmore. 

Other features of colloidal particles of a single domain are low initial 
permeability and high coercive force. This is related to the fact that 
magnetization changes cannot occur through movements of the domain 
boundaries but only by spin rotation. Spin rotation is opposed by aniso¬ 
tropy forces which are strong compared with the forces opposing Bloch 
wall movement. There are many examples in the literature where small 
particles or films exhibit unusually high coercive forces and low perme¬ 
abilities. 

The magnetic domains, in general, do not coincide in extent, shape, 
or size with the crystallites of a ferromagnetic. If the crystallites are 
smaller than the critical size for a magnetic domain, the domain will 
be bounded by the crystallite boundaries if they are thick enough to 
isolate the grain magnetically from the next grain. As an upper limit 
to this isolating thickness of grain boundary, the distance (5 to 10A) at 
which J becomes relatively small must be chosen. 

Ferromagnetism is the result of exchange forces between ions in a 
crystal and is never observed in the liquid or gas phase or in true solu¬ 
tions, probably because of the greater separation of ions in these phases. 
Under these conditions, no matter how large the permanent atomic 
magnetic moment is, only paramagnetism will be observed. We may 
conclude, therefore, that, in passing from large magnetically isolated 
particles to magnetically isolated atoms by decrease in particle size, a 
transition from ferromagnetism to paramagnetism must occur. Haul and 
Schoon, 15 Winkel and Haul, 37 and Beischer and Winkel,' 1 by following 
the magnetic susceptibility, have studied this transition in tiny spherical 
particles of y—Fe 2 O s produced by the oxidation of carbonyl iron. They 
found the transition at 40A. Konig 20 studied the transition by means of 
the Faraday effect on light transmitted through thin evaporated films of 
iron and found that below a thickness of 10 to 12A the iron was not 
ferromagnetic Konig attempts to correlate the value of this transition 
size with lattice parameter, but this seems questionable. These relation¬ 
ships are illustrated schematically in Table 2. Material composed of 
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particles which are slightly smaller than the critical size for the ferro¬ 
magnetism-paramagnetism transition probably still has a high paramag¬ 
netic Curie point, but, as the particle size approaches that of a single 
atom, the paramagnetic Curie point approaches zero, and the material 
is magnetically dilute. 7 ' 8 


Table 2. Effect of Particle Size on the 
Magnetic Properties of Magnetically 
Isolated Ferromagnetic Particles 


Type of Magnetism 


Polydomain Monodomain Nondilute Dilute 

Ferro- Ferro- Para- Para¬ 
magnetic magnetic magnetic magnetic 


Permeability of particle 
External field of particle 
Paramagnetic Curie point, A 


High 0 Low 0 »» Exceedingly f Exceedingly 

r o rf O low 2 low 

Low o o Exceedingly o T " Exceedingly x Exceedingly 
*5 high T ? * low uo low 

Near 0 < Ncar0 ( ^ >0°K l ^0°K 

T_T_T 

Transitional Particle Size (cm) 
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LUMINESCENT SOLIDS (PHOSPHORS) 


H. W. Leverenz 

RCA Labs. Div., Radio Corp. of America, Princeton, N. J. 


It is a curious fact that man synthesized and used luminescent solids long 
before detecting luminescence from the natural luminescent solids which 
have existed on this earth since its genesis. About 350 years ago, the al¬ 
chemist, Gasciarolo, chanced to heat some native barium sulfate with 
charcoal and noticed that after exposure to daylight the cooled impure 
sulfide product glowed feebly in the dark. This mysterious solid, which was 
called a phosphor or phosphoros (Greek, “light bearer”), antedated the dis¬ 
covery of the chemical element phosphorus by about 70 years. Because the 
similarity of terms has caused some confusion, it should be noted that the 
luminescence of a phosphor is a solid-phase physical (electronic) action which 
occurs throughout the mass and which may continue indefinitely when the 
phosphor is in a vacuum; whereas the luminescence of the element misnamed 
phosphorus results from a gas-phase chemical action which occurs only at the 
surface and which ceases when the phosphorus is consumed or placed in a 
vacuum. 

At the time phosphors were first prepared, daylight was the only known 
means for their excitation, and so luminescence radiation was observable only 
when it was excitable by daylight and persisted long enough for the phosphor 
to be taken into a dark place. With the development of modern electronic 
and radioactive sources of invisible emanations, phosphors have been used 
not only for instantaneous detection of ultraviolet, x-rays, cathode rays, 
alpha particles, etc., but also as a means of putting these invisible forms of 
energy to work in television, radar, electron microscopes, “fluorescent” 
lamps, infrared sniperscopes, x-ray fluoroscopes, and self-luminous dial 
markings. This article briefly outlines the present status of man-made 
phosphors, whose variety and capabilities greatly exceed those of the known 
natural luminescent solids. More detailed information may be obtained 
from the references at the end of this article. 

Before proceeding, it is worth emphasizing that the technology of phos¬ 
phors, like that of other structure- and impurity-sensitive, electronically- 
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active solids (e.g., photoconductors, semiconductors, ferroelectric and ferro¬ 
magnetic materials), is in the process of growing from the status of an art 
to that of a science. Our imperfect understanding and control of electronically 
active solids is caused largely by the practical impossibility of completely 
segregating (purifying) and rectilinearly arranging (crystallizing) the enor¬ 
mous number of atoms (10 23 /cm 3 ) in real crystals, so that real crystals are 
always im pure and imperfect to some degree. It is known that the unavoid¬ 
able imperfections (including impurities) in real crystals sometimes increase 
and sometimes decrease electronic activities such as excitation, internal 
ionization, radiative and nonradiative transitions, electron mobility, and 
trapping. Very often, certain crystal imperfections are incorporated deliber¬ 
ately to promote or suppress a given electronic activity. In the case of phos¬ 
phors, the highly purified host crystal usually has a very small proportion of 
activator impurity which is either added initially or is induced to increase 
luminescence efficiency. The efficiency increase is generally accomplished by 
decreasing the proportion of excitation energy dissipated in the crystal as 
heat. 


Luminescence 

According to the quantum interpretation of radiation phenomena, all 
radiant energy" is absorbed and emitted as photons whose energies E are 
quantized according to 

E — hv — he I \ erg (dyne — cm) 

where h = 6.624 X 10 -27 erg sec - 4.14 X 10" 15 ev sec 

v = the oscillation frequency of the radiation, in cycles per second (= sec” 1 ) 
c = 2.9978 X 10 10 cm sec" 1 

X - the diffraction wavelength of the radiation, in centimeters. 

The letters “ev 53 denote an electron volt which is a unit of energy equal to the 
energy acquired by an electron falling through a potential difference of one 
volt [1 ev = 1.60 X 10" 12 erg - 3.82 X 10" 20 cal - 23.05 kcal mole" 1 
(when each simple molecule in a mole has 1 ev)]. 

When a simple pigment absorbs radiant energy, such as visible or ultraviolet 
radiation, the primary photon energy is converted (degraded) into heat 
which diffuses through the material. The heated material then emits radiation, 
primarily in the infrared, which is called thermal radiation . Thermal radiation 
may equal but cannot exceed the thermal emissive power P v (at frequency v ) 
of a perfect black body at the same absolute temperature T. This thermal 
radiation for a black body follows Planck’s radiation law 

P„ = 8 irhv z c~ z {d lv/kT — l)” 1 erg cm" 2 sec" 1 
where k = 1.38 X 10" 16 erg deg" 1 = 8.62 X 10" 5 ev deg" 1 

The quality and quantity of thermal radiation from solids (crystals) is little 



H. W. LEVERENZ 


127 


dependent on their natures and is strongly dependent on their temperatures 
(Figure 1). 

When a suitable luminescent solid {phosphor) absorbs, for example, ultraviolet 
radiation, an appreciable part of the absorbed energy is temporarily localized 
as excitation of certain atoms or small groups of atoms which then emit 
characteristic radiation in excess of the thermal radiation from the solid. 
Luminescence , then, is a physical process whereby matter generates nonthermal 
radiation which is characteristic of the given luminescent material (Figure 1). 
When the temperature of a solid is increased, the intensity of any lumi¬ 
nescence radiation generally decreases, whereas the intensity of thermal 
radiation always increases. 


BLACKBODY THERMAL RADIATION SPECTRA 
(HEIGHT AND LOCATION DETERMINED BY TEMPERATURE) 
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Figure 1. Comparative spectral distributions of the emissions from a typical phosphor (narrow 
band at left) and a black-body thermal emitter (broad bands at right). 


If isolated atoms of, say, gaseous manganese are excited by primary photons 
or charged material particles (electrons, ions), the excited atoms can dispose 
of their excess energy only by emitting luminescence radiation. This radiation 
appears as sharp spectral lines which are characteristic of atomic manganese. 
The sharpness of the lines is indicative of the discreteness of the energy levels 
of manganese in the ground and excited state. It is only when excited free 
atoms collide with other atoms, or with the walls of the container, that the 
excited atoms have an opportunity to dispose of their excess energy as heat. 

The situation is quite different, however, when the foregoing rarefied 
manganese gas is cooled and condenses to form first a liquid and then a solid- 
The solid manganese may absorb primary energy as before, but it converts 
this energy into heat rather than luminescence radiation (neglecting x-ray 
and gamma-ray radiation). In solid manganese, the outermost electrons of 
the atoms no longer belong to particular atoms, but are shared by all the 
identical atoms in the crystal. This sharing, coupled with the operation of 
the Pauli exclusion principle, broadens the discrete energy levels of the free 
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manganese atoms into bands in the solid. The topmost occupied energy band 
of solid manganese is only partially filled with very loosely bound electrons, 
and so absorbed energy increases slightly the energies of these nearly free 
electrons which then agitate the atoms and increase the heat content of the 
solid without producing appreciable luminescence emission. 

An approximation to the independently-luminescing free-manganese atoms 
may be obtained by incorporating small proportions of manganese as a 
(combined) impurity in certain solids. As examples, if one out of every three- 
hundred zinc atoms in crystalline zinc orthosilicate or zinc sulfide is replaced 
by a manganese atom, then the resultant phosphor crystals exhibit lumines¬ 
cence which is definitely associated with the manganese impurities. The 
separated manganese impurity atoms (ions to some degree) and their per¬ 
turbed host-crystal neighbors (ligands) function as independent luminescence- 
active centers called activator centers. The sizes of centers in various phosphors 
range from atomic to colloidal dimensions. 

A center may be visualized as a partially disordered region wherein there 
is a contest between (1) the ambient host-crystal atoms which strive to main¬ 
tain their normal crystalline arrangements and spacings, and (2) the central 
impurity atom which strives to rearrange the host-crystal atoms about it 
in configurations and spacings appropriate for its size, effective charge, and 
directional-bonding characteristics. On increasing the proportion of activator 
centers in phosphors, the efficiency of the luminescence process generally 
increases until the centers become so numerous that they overlap (interact) 
unduly with each other. 

With respect to terminology, distinctive prefixes are used to denote lumi¬ 
nescence produced by primary particles which differ in the manner in which 
they excite phosphors, e.g., visible and near-visible photons excite photo - 
luminescence , x-ray and gamma-ray photons excite roentgenoluminescence , 
electrons excite cathodoluminescence , and ions, such as alpha particles, excite 
ionoluminescence. The energies of these primary excitant particles generally 
exceed 2 electron volts (ev), there being no known upper limit (at least 
to 10 8 ev) to the energy of a primary particle capable of exciting phosphors. 

The energies of the photons emitted during conventional luminescence range 
from about 1 ev ( 1.24 X 10“ 4 cm = 12 , 400 A ) to 10 ev ( 0.124 X 10~ 4 cm 
= 1240 A), while the energies of emitted x-ray and gamma-ray luminescence 
photons extend well beyond this range up to about 10 7 ev. This article is 
concerned chiefly with the conventional visible and near-visible luminescence 
emissions of solids, which generally involve transitions of the outer or 
valence electrons comprising the “skins” of atoms. These exposed electrons 
are sensitive to changes in the kind, number, spacing, and arrangement of 
neighboring atoms in a solid, and the luminescence of solids is thus a sensitive 
indicator of changes in composition, impurities or other imperfections, and 
crystal structure. Also, the valence electrons of an atom in a solid experience 
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most strongly the jostling caused by thermal motion of atoms, so that increas¬ 
ing the temperature of the solid generally perturbs the luminescence process 
and increases the probability of conversion of high-energy excitation quanta 
into lower-energy thermal quanta (phonons). 

With respect to the duration of luminescence, fluorescence indicates a normal, 
unconstrained, spontaneous radiative return from the excited state (as in 
isolated nonmetastable atoms or ions), whereas phosphorescence indicates an 
abnormally long delay between excitation and emission, using isolated atoms 
or ions as standards of normal behavior. Fluorescence, then, is a limiting case 
of phosphorescence and corresponds to a natural excited-state lifetime, r F> of 
about 10 -8 or 10“ 9 second for the nonmetastable excited states of isolated 
atoms or ions undergoing the optical transitions which occur in conventional 
luminescence. The natural lifetimes of isolated atoms are determined chiefly 
by oscillator damping (classically, t f oc v~ z p d ~ 2 for radiation of photons of 
frequency v from a dipole with moment p d ), and the width of a fluorescence 
emission line is determined by the indeterminacy of the excited-state energy 
level, AE*, such that A E* > hflirTp , where h = 6.62 X 10“ 27 erg sec. 
This line width is only about 10~ 7 ev for conventional fluorescence with 
t p « 10~ 8 second, whereas many phosphors have emission bands nearly 
1-ev wide and their emissions persist for seconds or days (i.e., the band 
widths and persistences of phosphors are often unrelated). Most phosphors 
exhibit predominantly an abnormally delayed emission, which is called 
phosphorescence. Here, the abnormal delay may be caused by (1) the strong 
perturbing (constraining) influence of neighboring atoms on excited centers 
in solids, and/or (2) internal ionization and trapping. Internal ionization is 
the ejection of an electron from an excited atom or center, without the 
electron’s leaving the solid. The vagrant excited electron may become 
trapped, particularly near imperfections in the crystal, and remain trapped 
for an indefinite time before being released by heat or other energy so that 
it can again wander to make a radiative recombination with an ionized 
center. 

In general, phosphors begin to emit luminescence photons within 10~ 8 sec¬ 
ond after onset of excitation, but very often much of the excitation energy is 
stored in the form of prolonged (constrained) excited states or trapped 
excited electrons so that photon emission is extended for intervals ranging 
from a few microseconds to a few years after cessation of excitation, the 
duration of phosphorescence depending on the nature of the phosphor and 
its conditions of excitation and operation. When a large proportion of the 
excitation energy is stored, the curve of luminescence output vs. time 
exhibits a detectable growth (Figure 2) until equilibrium is established, i.e., 
until the rate of filling and emptying of excited states and traps has stabilized 
in the excited volume of the solid. After cessation of excitation, there is a 
decay of luminescence output vs. time as the stored excitation energy is 
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released. When there is simple excitation, without internal ionization and 
trapping, the rate of emission of luminescence photons, L, decreases exponen¬ 
tially with time, t , according to L = where Lo is the luminescence 

output at cessation of excitation and the decay constant a (= r -1 ) ranges 
from about 10 7 to 1 sec” 1 , depending on the composition and structure of the 
phosphor. It is to be expected that r will be larger and, hence, a will be 
smaller the more constraint an excited emitting atom or center experiences 
from its neighbors in the crystal, but the emitter itself is a primary factor 
in determining r. In this case, the spontaneous exponential decay is little 
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Figure 2. Diagrammatic representation of the dynamics (growth and decay) and terminology of 

luminescence emission. 

affected by changes in the temperature of the phosphor or the conditions 
of excitation. 

The emitting center loses control over r when the energy storage in 
phosphors consists of trapped excited electrons or metastable states, for then 
additional activation energy must be supplied to release the trapped electrons. 
This activation energy may be supplied by heat, especially when the trap 
depth is equal to or less than about 30 kT , or it may be supplied by additional 
photons or charged material particles. During ordinary phosphorescence at 
room temperature the activation energy is supplied by heat, so this process 
is thermostimulated phosphorescence. Under these conditions, so-called 
power~law decays are observed such that L cc ZqJ” w , where the exponent n is 
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strongly dependent on the phosphor temperature and on the kind, intensity, 
and duration of excitation; also, n varies during the decay interval. In 
general, n has values lying between about 0.1 and 2, being near unity for 
most of the useful phosphorescence times of efficient long-persistent phos¬ 
phors. The variability of n bespeaks the variable degree of filling and rate 
of emptying of traps of different densities and depths, and the variable 
occurrence of retrapping, since the density of excitation decreases in a 




Figure 3. Above: Spectral distributions of excitation, quench¬ 
ing, and stimulation for a cub.-Sr(S:$e):SrS 04 :CaF 2 :Sm:Eu phos¬ 
phor. Below: Dynamics of growth and decay of the above phos¬ 
phor during and after (a) excitation, (b) decay, (c) stimulation, 
and (d) quenching. 


roughly exponential manner as the beam of primary excitant particles 
penetrates into a phosphor crystal. 

Infrared is another useful source of activation energy which may (1) be 
unabsorbed (i.e., be entirely reflected or transmitted) and hence cause no 
change in the normal decay curve shown as 2' in Figure 2, or (2) be absorbed 
and quench the phosphorescence emission, as shown in curve 3 of Figure 2, or 
(3) be absorbed and stimulate the phosphorescence emission, as shown in 
curve 4 of Figure 2. Because the quenching and stimulating effects for a 
given phosphor vary with wavelength, a broad-band source of red and 
infrared may act both as a quenching and stimulating agent simultaneously. 
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The top portion of Figure 3 shows the spectral relationships of excitation, 
emission, quenching, and stimulation for a complex infrared-stimulable 
phosphor of the type used in metascopes for infrared detection and signalling. 
The bottom portion of Figure 3 shows how the yellow emission band may be 
produced by excitation with blue light («4500A), allowed to decay, stimu¬ 
lated by infrared (« 10,000A,) and quenched by orange light («6000A). 

The complex chemical formula (which is really an oversimplification!) 
for the infrared-stimulable phosphor of Figure 3 serves as an extreme example 
of the system of notation used in symbolizing luminescent solids. The chief 
ingredients of a good phosphor are the host crystal, one or more fluxes (fusible 
salts, which are not always used), and one or more activators (promoters 
of luminescence) which may be added deliberately or be induced by decom¬ 
position during crystallization at high temperatures. Examples of other 
useful phosphors and their notations are given in Table 1. According to the 
indicated simplified notation, a phosphor is symbolized by (1) the crystal 
system of the host crystal, followed by (2) the chemical formula of the host 
crystal, then by (3) any fluxes which are incorporated in the host crystal (this 
is not the case in examples 1 to 3 of Table 1), and finally by (4) the chemical 
identity of the activator atom [placed in square brackets when there is 
uncertainty as to its identity or presence] with the weight per cent of activator 
atom relative to the weight of the host crystal given in parentheses. 


Exemplary Syntheses of Phosphors 

The phosphor compositions given in Table 1 are sufficient to prepare 
efficient phosphors if exceptionally pure ingredients are used (especially when 
the optimum activator proportion is low), the ingredients are thoroughly mixed , 
and the mixtures, in acid-cleaned, covered, fused-silica crucibles, are heated 
in air to the indicated temperatures for ten to a hundred minutes. These 
examples are typical of the formation of most phosphors by reactions in the 
solid state, i.e., reactions between solids at temperatures below their melting 
points and the melting points of their products. (Growth of phosphor crystals 
from melts is seldom successful because the melting points of the host crystals 
are usually so high that the melts react vigorously with their containers and 
the mixtures tend to decompose' and volatilize selectively.) Under these 
conditions of solid-state reaction, the presence of a flux, such as sodium 
chloride, sometimes promotes crystallization by providing a fluid phase to 
facilitate material transport. Figure 4a shows an electron micrograph of a 
pure, practically nonluminescent, precipitated-and-dried zinc sulfide, which 
was used as the initial ingredient in preparing phosphors 1 to 3 of Table 1. 
Figure 4b shows a photomicrograph of the much larger phosphor crystals 
produced by heating this fine zinc sulfide (with flux) to 1250°C. These 
hex.-ZnS:Ag(0.015) phosphor crystals are about 10 s times larger (in volume 



Micrographs by Dr. J. Sillier 

Figure 4a. Electron micrograph of precipitated-and-dried, lumi¬ 
nescence-pure zinc sulfide. 

Figure 4b. Photomicrograph of hex.-Zn$:Ag (0.015), prepared 
by heating the fine-particle ZnS shown in Figure 4a (with acti¬ 
vator and about 6 per cent halide flux) at 1250°C. 






Micrographs bp Dr. J. Hillier 


Figure 5a. Electron micrograph of very fine particle rbhdl.- 
ZnoSiO-f.Mn which was prepared by reaction of zinc hydroxide 
and manganese hydroxide with colloidal silica. 

Figure 5b. Electron micrograph of commercial rbhdI.-ZnsSi04:Mn 
prepared by reaction of the oxides, using conventional pure 
silica with an average particle size of about one micron. 



136 


COLLOID CHEMISTRY 


and weight) than the initial 250A ingredient particles. In the case of the 
zinc-silicate phosphors, no flux is used, and the average particle size of the 
resultant phosphor is determined largely by the particle size of the initial 
silica, because the reaction proceeds by diffusion of the zinc and manganese 
oxides into the silica particles. This is illustrated in Figure 5, which shows 
electron micrographs of two different lots of rbhdl.-Zn2SiO4:Mn(0.3) pre¬ 
pared from (a) exceptionally fine colloidal silica, and (b) an ordinary 
c.p. silica. 

As may be seen from Figures 4 and 5, the average particle sizes of useful 
phosphors are generally a few microns or less, because finely-divided ingre¬ 
dients must be used to obtain complete solid-state reaction in a reasonably 
short time. The small particle size of phosphors is desirable to increase the 
absorption of primary ultraviolet in “fluorescent” lamps, and to improve the 
image definition and optical efficiency of television cathode-ray-tube screens, 
but it makes difficult the determination of certain fundamental physical 
characteristics such as absorption spectra, absorption coefficients, and con¬ 
ductivities. It is in only a few cases, such as cub.-KCl:Tl, rbhdl.-Al20 3 :Cr 
(artificial ruby), and tetr.-CaW 04 :[W] (artificial scheelite), that efficient 
luminescent crystals of centimeter size have been prepared from their 
melts. Insofar as the effect of crystal size on luminescence is concerned, the 
luminescence of phosphors is a volume effect, as evidenced by the fact that 
(1) cathodoluminescence efficiency increases as the penetration of the primary 
electrons increases, and (2) the two different lots of rbhdl.-Zn 2 SiO 4 :Mn(0.3) 
phosphor shown in Figure 5 have practically the same efficiency of cathodo¬ 
luminescence and photoluminescence despite the great difference in their 
particle sizes. 

Effects Produced by Impurities 

In general, phosphors consist of relatively nonluminescent host crystals 
containing a small proportion of added or induced impurities. Impurities can 
form many different local distorted regions (e.g., centers), as depicted in 
Figure 6, and a given impurity may: (1) act as an intensifier activator by 
intensifying a weak or latent host-crystal emission spectrum, (2) act as an 
originative activator by producing a new emission spectrum, (3) act as a sensitizer 
by producing a new excitation spectrum without altering the emission 
spectrum, (4) act as a trap by altering the duration and intensity of power- 
law-type phosphorescence, and (5) act as a “poison” (or “killer”) by decreas¬ 
ing luminescence efficiency. 

The following examples illustrate these effects and show how a given 
impurity may function in several roles: 

(1) When very pure zinc silicate is crystallized at 1250°C, the product is 
found to have an inefficient cathodoluminescence emission shown as curve 4 
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in Figure 7. This emission comes from some of the excited tetrahedral SiC>4 
groups which are presumably perturbed by a slight excess of silicon [Si] 
(or interstitial [Zn]?) produced by selective volatilization of oxygen. Here 
the [Si] acts as an intensifier activator , probably by upsetting the selection rules 
which govern electronic transitions in ideal crystals. When about one per cent 
of titania is incorporated in this phosphor, the same emission band is obtained 
with about a tenfold increase in efficiency (cf. curve 5, Figure 7). Here, the 
titanium (in the combined form!) is an additional intensifier activator. In 
the same way, silver appears to act as an intensifier activator for zinc-sulfide 



(a) 




o HOST- CRYSTAL CATION (C) 

O HOST-CRYSTAL ANION (A) 

• CATION IMPURITY (I c ) 

® ANION IMPURITY (I A ) 

Figure 6. Examples of typical distortions (centers) produced by impurities in host crystals. The 
electron clouds of the atoms are generally not spherical, and may have distorted shapes in the 
centers. 

(a) Small, or high-positive-charge, substitutional cation impurity (!c). (Same effect produced 
by small or high-negative-charge substitutional anion.) 

(b) Large, or low-negative-charge, substitutional anion impurity (1a). (Same effect produced by 
large or low-positive-charge substitutional cation.) 

(c) Interstitial impurities, showing effects on ligands (nearest bound neighbors). 


phosphors, operating to increase the efficiency with only a slight shift and 
narrowing of the emission band (curves 1 and 2, Figure 7). 

(2) When rbhdl.-ZnsSiO^tSi] is reheated at 1250°C with increasing 
proportions of manganese oxide, the [Si] emission band decreases and a new 
emission band rises in the green until, at about one per cent Mn, only the 
strong green emission is evident (curve 6, Figure 7). Here, the Mn (which 
substitutes for Zn) acts as a poison in preventing the [Si] emission, and 
simultaneously acts as an originative activator in producing the new centers 
which emit luminescence photons with high efficiency. Similarly, copper 
activator poisons the blue [Zn] emission band of hex.-ZnS:[Zn] while 
producing a new green emission band (curve 3, Figure 7). Present evidence 
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indicates that the best originative activators are added ions which exhibit 
more than one formal valence (e.g., Mn 44 , Mn +_H "+ and Cu + , Cu ++ ), whereas 
intensifier activators may be either added or induced, and need not be 
multivalent (e.g., [Zn ++ ], [Si 1 1 1 ']; Ti +++ , Ti 1 1 1 ! '; and Ag+, Ag**). 

(3) When calcium carbonate or calcium silicate is crystallized with about 
one per cent of manganese activator, the phosphors are found to have 
efficient red-orange cathodoluminescence, but no appreciable photo¬ 
luminescence under 2537A ultraviolet. If, however, these phosphors are 
recrystallized with a small proportion of lead oxide in addition to the added 
manganese oxide, then the same red-orange emission is obtained as before 
and the phosphors are now readily excited by 2537 A ultraviolet. Here the 
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Figure 7. Spectral distribution of absorption, excitation, and luminescence emission of 
some typical zinc-sulfide-type and zinc-silicate-type phosphors. 


(combined) lead acts as a sensitizer which introduces a new absorption band 
in the spectral region around 2537A. 

(4) In the previous example of hex.-ZnS:Cu, the multivalent Cu acts 
not only as a poison and an activator but also as a trapping agent . This is 
evidenced by intense and prolonged phosphorescence at room temperature 
and by pronounced glow curves (curves of light output vs. temperature 
and time as a phosphor previously excited at very low temperatures is 
warmed). By incorporating a lead compound in this phosphor, it is found 
that the lead provides very deep traps, such that the phosphor performs in 
the same manner as the infrared-stimulable material in Figure 3. In the case 
of rbhdl.-Zn 2 SiC> 4 :Mn, it has been found that tin and arsenic compounds 
are effective in providing traps without altering the emission spectrum of 
the phosphor. 
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(5) In addition to the previous examples of poisons, it may be mentioned 
that manganese in trace amounts is a strong poison to the emission of calcium- 
tungstate phosphors. Also, certain other transition elements, particularly 
iron and cobalt, are strong poisons in almost all phosphors. 

Effects Produced by Changes in Structure 

The pronounced influence of structural changes on the luminescence of 
solids is shown in the following examples: 

(1) When rbhdl.-Zn 2 Si0 4 :Mn (denoted as the a-form) is melted at 
1600°C and then quenched, it crystallizes in a new (/3-form; undetermined) 
structure having a different diffraction pattern. On comparing the a and 
0 products, it is found that: (1) the emission band of the a-form peaks at 
5250A, whereas the emission band of the 0-form peaks at 5630A; (2) the 
jft-form has about 75 per cent of the cathodoluminescence and photo¬ 
luminescence efficiency of the ar-form; and (3) the a- and /3-forms have 
practically identical exponential decay characteristics. On heating the 
yellow-emitting £-form to about 950°C, it reverts to the green-emitting 
a-form, demonstrating that the observed effects are caused by changes in 
structure rather than composition. 

(2) When ZnS:[NaCl(2)]:Ag(0.01) is heated at 780°C it crystallizes 
in the cubic system, whereas on heating at 1200°C it crystallizes in the 
hexagonal system. On comparing these two products, it is found that: 
(1) the emission band of the cubic material peaks at 4480A, whereas the 
emission band of the hexagonal material peaks at 4330 A; (2) the hexagonal 
material has about four times the peak output of both cathodo- and photo¬ 
luminescence relative to the cubic material; and (3) although both materials 
have power-law decays, the intensity and duration of phosphorescence 
emission of the hexagonal material is much greater than that of the cubic 
material at room temperature. On grinding, the hexagonal crystals are 
transformed into the cubic structure. 


Luminescence Excitation 

When a beam of primary excitant particles impinges upon a phosphor 
crystal, some particles are reflected, whereas others are transmitted into the 
interior of the crystal. The energy of a transmitted primary photon is absorbed 
all at once or not at all (neglecting Compton scattering) in one absorption act 
wherein the photon is annihilated. The energy of a fast primary electron or ion, 
on the other hand, is usually absorbed bit-wise, where the average energy bit 
is about 25 ev. Differences in excitation processes are evident, also, with 
respect to where the energy, is absorbed in a phosphor crystal. Low-energy 
primary ultraviolet photons often excite phosphor centers directly, because 
the centers generally have lower characteristic frequencies than the atoms of 
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the host crystal. High-energy primary particles (e.g., x-ray and gamma-ray 
photons, and fast electrons and ions), however, give up their energies indis¬ 
criminately, so that most of their energy is absorbed by the preponderant 
host-crystal atoms. In this case, the absorbed energy must be transported to 
the centers and the efficiency of such energy transport depends strongly on 
the degree of perfection of the crystal. Hence, there are many photolumines- 
cent glasses and crystals with high efficiency, but only highly crystalline 
phosphors give high efficiency of roentgenoluminescence, cathodolumines- 
cence, and ioAoluminescence. The high rate of degradation (into heat) of 
energy transported in vitreous matter accounts, also, for the fact that only 



Figure 8. Configuration-coordinate energy-level 
diagram of a phosphor impurity center, where the 
potential energy of the center is plotted as a 
function of the average distance between the 
atoms in the center. 


crystalline phosphors give efficient, long-persistent, power-law-decay 
phosphorescence involving wandering and remote trapping of excited 
electrons. 

It is probable that most of the energy transport in phosphors is by excited 
cc free ,s electrons, although other means are: positive holes, excitons, photons, 
and exchange-type energy transfers which occur when the wave functions of 
atoms and centers overlap in a suitable manner. Positive holes are residual 
regions of excess positive charge produced by internal ionization, and excitons 
are mobile pairs of positive holes and nearly- 6 6 free” excited electrons. The 
problems of energy transport in solids are complicated by the interplay of 
ionic (electrostatic) and covalent (shared-electron) bonding between the 
atoms, and by the pronounced influences of imperfections and different 
structural arrangements in crystals. 

Luminescence Mechanism 

For lack of specific information about the energy levels in phosphors, two 
complementary types of simplified energy-level diagrams have been devised 
to give a generalized picture of the mechanism of luminescence. One such 
diagram, shown in Figure 8, depicts the allowed potential energies of a 
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luminescence center as a function of averaged interatomic spacing, x , where *o 
is the averaged spacing between the atoms of the unexcited center at equilib¬ 
rium. At 0°K, the ground-state energy level would be very near ao, corre¬ 
sponding to minimum potential energy and minimum atomic vibration. At 
room temperature, however, the system (center) has considerable vibrational 
energy, so the ground-state level lies higher, such as at a, where the amplitude 
of atomic vibration is proportional to a' —a (imagine the system passing 
through ao as it rolls from a to a' and back, in the potential well). When a 
bit of excitation energy of adequate magnitude, usually greater than 2 ev, 
is transmitted to the center, the energy of the center may be raised from a 
on the ground-state curve, Eq 9 to b on the excited-state curve, E '*. Within 
about 10“ 12 second after excitation, the atoms of the excited center readjust 
to a new equilibrium spacing, x*, and the energy difference b — c is given up 
as heat to the surrounding host crystal. With the center in the excited-state 
level c , the probability of a radiative transition from c r to d is determined by 
the natures of the impurity and host crystal, being practically independent 
of temperature, but the probability of a nonradiative transition to the ground 
state via c' —►/ —> a increases exponentially with temperature. Here, then, 
the observed phosphorescence for this luminescence without internal ioniza¬ 
tion is practically independent of the temperature when kT < < A is, or of 
the kind, duration, and intensity of excitation; and the decay proceeds 
according to 

where the atomic vibration frequency, v a , is about 10 12 sec -1 , and the thermal 
activation energy, AE , is the energy difference/ — c Q . The observed decrease 
of luminescence efficiency with increasing temperature may be visualized as 
a raising of level c so that an increasing proportion of excited states “spill over” 
via/ without producing radiation. If, at any given temperatures, the levels c 
and / practically coincide, then the center is a poison in that it is a means for 
rapidly degrading excitation energy into heat. This picture, then, illustrates 
how a center which produces luminescence at low temperatures may be a 
poison center at higher temperatures. The number of available efficient 
phosphors decreases rapidly with increasing operating temperature, with 
hardly any phosphors having useful efficiencies above 400°C. In general, 
phosphors should be operated at as low temperatures as possible, although 
some power-law-decay phosphors exhibit an intermediate optimum operating 
temperature where traps are efficiently emptied by thermal energy. 

Another type of energy-level diagram, shown in Figure 9, depicts the 
energy levels of a luminescence center as a function of distance along a row 
of atoms in the crystal. This type of diagram emphasizes the fact that the 
discrete energy levels of isolated atoms are spread out into bands in solids, 
the broadening being caused by interaction of the electrons of all the atoms 
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in the crystal, because the Pauli exclusion principle allows only two electrons 
(of opposite spin) to occupy the same energy level in a given system. The 
diagram is drawn for a specific x, so one must imagine that the spacings 
and potential barriers between the atoms change with every energy change 



E* Excited - state level of E x 
E** Excited states before atomic readjustment 
E* n Excited states after atomic readjustment 
(E t ~) Filled level formed when extra electron 
is trapped by unexcited impurity 
(remote trapping) — usually near Eq 

From Leverenz, “An Introduction to Luminescence of Solids” 
(John Wiley and Sons, Inc.) 

Figure 9. Energy-level diagram of a row of atoms in a phosphor impur¬ 
ity center. The lower part of the figure shows the lowering of the potential 
barriers in the neighborhood of the impurity, and the relatively discrete 
occupied and excited-state energy levels introduced by the impurity. The 
upper part of the figure shows a plot of the absolute value of the wave 
function, \p, of the optical electron responsible for luminescence (rp 2 is a 
measure of the probability of finding the electron in a given location). The 
breadths of the excited-state levels increase with height and so the upper 
levels may overlap each other and the conduction band. 


of the center. According to the diagram, the impurity atom, I c : (1) lowers 
the normal potential barriers between the host-crystal atoms in its v icini ty 
(2) introduces an additional occupied level, E r , into the forbidden zone of 
host-crystal energies, and (3) introduces additional discrete unoccupied 
excited-state levels, Ef n , whose extensions into the surrounding crystal 
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increase as Ef n increases until, in the conduction band, E%, an excited 
electron is free to move through the host crystal; The excitation transition 
Ei —> Ef* in Figure 9 corresponds to a—*b in Figure 8, and the radiative 
return Ef x —»Ef corresponds to c' —> d. As drawn, this process is highly 
localized, and the spontaneous decay is exponential. When the low-lying, 
highly localized excited state, Ef, is absent, and the center is excited to 
higher levels wherein the excited electron may wander some distance away 
from its parent atom, then the electron may become trapped at a distant 
point, where it must be released by an additional activation energy before 
it can return to make a radiative transition from a low-lying Ef n level. When 
the excited electron travels through the conduction band, E$, it may be 
trapped by a remote unexcited center, forming a new filled level (e.g., 
Ej-). This type of trapping is most probable when the impurity is a multi¬ 
valent ion; for example, a Sm' H " + impurity can trap an extra electron to 
. become Sm**. Regardless of whether the excited electron is trapped in a 
metastable state in its center of origin or in a remote center, the phosphores¬ 
cence is strongly dependent on temperature and on the kind, duration, and 
intensity of excitation. The complex decay then proceeds by thermally 
activated release of trapped electrons according to 


L 


te -AE^IT u -AE 2 /kT 

= Lq^ W € + loa* °2 2 


+ ^0jv 




where the subscripts 1, 2, 3 • • • N denote traps of different densities and 
depths AEi, AE 2 , AEz, • • • AE N which make different contributions Lq x , 
£o 2 , Lq 3 * • • , Lo n to the luminescence output at time t = 0. This lengthy 
expression is usually shorthanded by the power-law-decay approximation 
L = Lot~ n , since, as previously noted, n varies not only with the type of 
phosphor, but with the temperature, decay time, and conditions of operation. 
Both exponential and power-law decays can occur, without change in spectral 
distribution, by exciting a center such as the one generalized in Figure 9 to 
Ef* and higher levels, as long as the final radiative transitions take place 
from Ef to Ef. Almost all phosphors which exhibit initial exponential decays 
eventually trail off into power-law “tails" which bespeak the delayed returns 
of distant trapped electrons that make the same final radiative transition as 
do the highly localized untrapped excited electrons responsible for the pre¬ 
dominant exponential decay. As is to be expected from Figure 9, electronic 
conduction “parallels” the growth and decay of many power-law-decay phos¬ 
phors, whereas little or no conduction is observed when the decay is pre¬ 
dominantly exponential. 

Stimulation of phosphorescence by low-energy (long-wavelength) photons, 
as in Figure 3, is readily understood by picturing the weak photons as having 
just enough energy to raise trapped electrons out of their traps so they can 
make radiative recombinations with the parent ionized centers. Quenching 
of phosphorescence by higher-energy photons, however, apparently involves 
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exciting the system to a high-energy level near or above / in Figure 8, i.e., 
the trapped excited electron is raised so high in energy that the surrounding 
atoms are set in violent agitation and the excitation energy is dissipated 
as heat. 


Luminescence Emission Spectra 

Both line and band emission spectra may be produced separately or 
simultaneously by phosphors. Line spectra are obtained when radiative 
transitions take place between discrete highly localized energy levels. Such 
discrete levels often occur when well-oxidized impurity ions with incomplete 
inner shells (e.g., Eu +++ and Cr +++ ) form luminescence centers. For example, 
ThSi 04 :Eu(l), crystallized at 1250°C in oxygen, gives a line emission 
spectrum attributable to electrons with unpaired spins in the inner , well- 
shielded, incomplete Af shell of Eu +++ making transitions between discrete 
subatomic levels having different resultant spin quantum numbers. When 
this phosphor is heated in a reducing atmosphere, however, the unpaired 
4/-shell spins are apparently paired and a band emission is obtained in place 
of the previous line emission. The band emission is attributed to the outer 
valence electrons of Eu 44 " making transitions between levels having different 
principal and angular-momentum quantum numbers (where at least one 
of the levels is a band). 

The chemical and structural constitutions of phosphors determine, of 
course, the locations and breadths of their emission lines and bands. Of about 
10 6 different samples of artificial inorganic phosphors that have been syn¬ 
thesized here and abroad, the most useful phosphors have band widths of the 
order of 0.7 ev, although lines narrower than 10“ 3 ev and bands broader 
than 2 ev have been obtained in some cases. Empirical methods for con¬ 
trolling the locations of emission bands in almost any part of the visible and 
near-visible spectrum have been developed for several efficient phosphor 
families where variations in host-crystal composition, in particular, afford 
excellent control over the properties of the resultant phosphors. For example, 
increasing partial substitution of cadmium for zinc (or selenium for sulfur) 
in any of the three zinc-sulfide phosphors shown in Figure 7 gradually 
shifts the emission spectrum toward the infrared. At present, the white- 
emitting luminescent screens of direct-viewing television cathode-ray tubes 
are made of a mixture of blue-emitting hex.-ZnS:Ag(0.01) and comple¬ 
mentary yellow-emitting hex.-1.3ZnS*CdS:Ag(0.01). (The latter phos¬ 
phor is also useful for x-ray fluoroscope screens.) Similarly, luminescent 
screens for direct-viewing color television may be obtained by selecting 
appropriate blue-, green-, and red-emitting members of this phosphor 
family. In the case of the outstandingly useful phosphor family based 
on rbhdl.-ZnsSiQ^Mn, increasing substitution of germanium for silicon 
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produces a gradual shift of the emission band toward the red, but when 
beryllium is substituted in increasing proportions for the zinc, the original 
green emission band peaked at 5250A decreases and a new orange-red 
emission band rises at 6300A. The high activator proportions of silicate 
phosphors make them particularly useful for operation under conditions 
of intense excitation. For example, the three different luminescent screens 
for the three (trinoscope) cathode-ray tubes used in laboratory demon¬ 
strations of color television on a theatre scale may be made of blue-emitting 
rbhdl.-Zn 2 Si0 4 :Ti(l), green-emitting rbhdl.-Zn 2 Si 04 :Mn(l), and red- 
emitting rbhdl.-Zn 8 BeSi B Oi 9 : Mn(2). White-emitting luminescent screens 
for “fluorescent” lamps are made either by mixing blue-emitting monocl.- 
Mg 2 WO*:[W] with yellow-emitting rbhdl.-(Zn:Be) 2 SiC> 4 :Mn, or by 
using a calcium-fluoro(chloro)-phosphate:Mn:Sb phosphor whose two 
different activators produce two complementary emission bands. It may be 
noted that the influence of new host-crystal atoms should depend not only 
on the nature of the new atom, but also on whether the new atom becomes 
an immediate neighbor or just a near neighbor of the emitting atom or 
center, and whether the luminescent center is founded on a substitutional 
or interstitial impurity. 


Luminescence Efficiency 

When phosphors are excited by low-energy photons (photoluminescence) > 
quantum efficiencies exceeding 90 per cent have sometimes been obtained. 
For example, the phosphor coating of a green-emitting “fluorescent” lamp 
converts over 90 per cent of the input 2537 A (4.9-ev) primary photons into 
emitted luminescence photons having an average energy of about 2.4 ev 
(5250A). On an energy basis, this luminescence process is (2.4/4.9)90 « 45 
per cent efficient. In some cases, the energies of the primary and emitted 
photons lie even closer together, so that the energy efficiency may be higher. 
It is rare, however, that the energy efficiency of photoluminescence of phos¬ 
phors exceeds about 80 per cent, because there is always some gap between 
the peaks of their excitation and emission bands (cf. Figure 7). For a given 
average energy of the emitted photons hv em the energy efficiency, S, decreases 
with increasing energy of the excitant photons, hv ex ; i.e., € oc v em /v ex . This 
is true until v ex becomes large enough to produce internal photoelectrons 
with sufficient energy to produce in turn more than one luminescence photon. 
When this happens, as it does for excitation by x-rays and gamma rays 
(roentgenoluminescence) , the luminescence process is essentially cathodo- 
luminescence. 

When phosphors are excited by fast charged material particles (cathodo- 
luminescence and ionoluminescence), the energy efficiency is vanishingly small for 
low primary-particle energies because slow particles dissipate their energies 
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in the inefficient (distorted and chemically different) surface layers of the 
phosphor crystals. It is only in rare cases that detectable luminescence output 
can be obtained from phosphors excited by 5-ev primary electrons, and even 
at primary energies of thousands of volts the energy efficiency does not exceed 
about 10 per cent. The low efficiency which obtains even when the primary 
particles penetrate well into the efficient volumes of phosphor crystals is 
attributed to the large difference between the absorbed energy bits (approxi¬ 
mately 25-ev average) and the emitted photons (approximately 2.5-ev) and 
to the difficulties of energy transfer from the predominant host-crystal 
absorber atoms to the fewer activator centers. 


Luminescence Output 

The radiances of phosphors during excitation by photons are limited mostly 
by the low intensities of available photon sources. With available sources of 
ultraviolet, for example, the maximum luminances of visible-light-emitting 
phosphor screens are of the order of 5000 millilamberts (mL), or about 
2 X 10 16 photons emitted per square centimeter per second. On the other 
hand, brief instantaneous luminances exceeding 10 7 mL (over 10 20 photons 
cm -2 sec” 1 ) can be obtained from phosphor screens struck by a well-focused, 
high-voltage, scanning cathode-ray beam, although the sustained averaged 
luminance of such a scanned screen generally may not exceed about 10 5 mL 
(4 X 10 17 photons cm” 2 sec” 1 ) without heating the screen above the tempera¬ 
ture range in which appreciable luminescence efficiency is obtained. (It may 
be recalled that fresh snow in full sunlight has a painful luminance of about 
10 4 mL.) In a conventional direct-viewing television cathode-ray tube, pro¬ 
ducing 50 to 100 mL in the image highlights, a given screen element the size 
of the cathode-ray-beam area is excited for about 1.5 X 10“ 7 second, 30 times 
a second, for a summed duration of only 16 seconds of actual operation 
time per 1000 hours of total operation time. On this basis alone, it seems odd 
that the efficiency of the screen should change somewhat during 1000 hours 
elapsed (16 seconds actual) time of operation. During the actual operation 
time, however, the instantaneous power input into a screen element is about 
10,000 volts X 2 X 10” 4 ampere/0.001 cm 2 = 2000 watts/cm 2 . This power 
loading is almost ten times as high as the 250 watts/cm 2 absorbed power input 
(and radiated power output) of a tungsten filament in an ordinary incan¬ 
descent lamp. In projection cathode-ray tubes, the power loadings may be 
several orders of magnitude higher than in direct-viewing cathode-ray tubes. 

The radiances of phosphors after excitation are determined by their decay 
characteristics and light sums under the operating conditions. The light sum 
is the total radiance per unit area integrated over the entire afterglow 
interval. Integration of the decay curves of trap-type phosphors such 
as hex.-ZnS:Cu and cub.-Sr(S:Se):SrSC> 4 :CaF 2 :Sm:Eu (taking into 



H. W. LEVERENZ 


147 


account the penetration of the primary particles) has shown that about 
10 18 potential photons/cm 3 may be stored in the excited volumes of some 
phosphor crystals under favorable conditions. This number is of the same 
order of magnitude as the number of Cu or Sm impurity centers in the cited 
phosphors. To a first approximation, the light sum is proportional to (1) the 
number of excitable centers and traps per unit volume, (2) the depth of 
penetration of the primary particles, and (3) the intensity and duration 
of the excitation (up to saturation). 

The time interval in which the light sum is practically all released may be 
varied enormously by careful choice of phosphors and operating conditions. 
For example, (1) screens of hex.-ZnO: [Zn], cub.-MgS:Sb, and rhomb.- 
BaSO^Pb give up most of their stored luminescence energy in about 
10“ 6 second in cathode-ray tubes used for flying-spot image pickup in tele¬ 
vision, (2) a cascade screen, wherein a cathodoluminescent blue-emitting 
hex.-ZnS:Ag phosphor excites a photoluminescent yellow-emitting hex.- 
9ZnS*CdS:Cu phosphor, emits about 0.03 mL three seconds after excita¬ 
tion in radar cathode-ray tubes, and has luminances which are detectable 
by the well-dark-adapted eye for many hours, and (3) screens of photo- 
luminescent cub.-Sr(S:Se):SrS0 4 :CaF2:Sm:Eu retain most of their light 
sums for about six months at room temperature, thereby providing useful 
long-duration retentivity of information and infrared stimulability. 


Concluding Remarks 

Man-made phosphors, which were unimportant alchemical novelties 
during the 17th and 18 th centuries, found their first important uses in the 
19th century as visible indicators of certain invisible energetic particles, such 
as ultraviolet and x-ray photons, cathode rays, and alpha particles. In recent 
years of the 20th century, the direct conversion of the energies of these invisible 
particles into light, at operating temperatures near room temperature, has 
become a major commercial function of phosphors which are now produced 
at the rate of over 200,000 kilograms a year. Meanwhile, phosphors are find¬ 
ing increasing scientific use in detecting these invisible particles and others, 
including infrared- and gamma-ray photons, fast-moving ions, and even 
neutrons, by converting their energies into radiations which the human eye 
may detect directly, or indirectly through other photosensitive devices, such 
as multiplier phototubes (usually coupled with oscilloscopes or meters), 
photographic films, or other phosphors used in cascade. 

In addition to the practical progress already made by empirical phosphor 
research, some progress has been made toward developing a qualitative 
theory of luminescence of solids, although a useful quantitative theory is not 
yet available. Luminescence is such a convenient and sensitive indicator of 
changes of composition, structure, and atomic interactions in solids that it 
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has contributed much to our improved understanding of the solid state of 
matter. In the future, the practical consequences of this broad aspect of 
luminescence research may well overshadow the tangible results already 
obtained. 
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NEWTONIAN FLOW IN 
POLYMER CHEMISTRY 


Arthur K. Doolittle 

Asst. Director of Research, Carbide and Carbon Chemicals Division, 
Union Carbide and Carbon Corp., S. Charleston, W. Va. 


Introduction 

The scientific study of the viscosity of liquids has been in progress for 
over one hundred years, but the importance of the subject has been 
greatly emphasized in recent years because of its usefulness in connection 
with both the manufacture and the application of resinous substances. 
To mention but a few such instances, viscosity is used in the control of 
quality in paints, varnishes, lacquers, inks, and adhesives, for mainte¬ 
nance of uniformity in the manufacture of films, fibers, and coated 
goods, and in the control of the manufacture of the resins themselves. 
The viscosity effects encountered are sometimes simple, but more often 
they are complex and therefore difficult to define in general terms. For 
this reason, a great body of empirical relationships has been accumulated 
over the years, each of which may be useful for the particular purpose 
for which it was developed, but none of which applies over an extended 
range of the variables. In this chapter are discussed the results of recent 
work, which make possible considerable extension of the useful range 
of the variables beyond those attainable with previous relationships. 

The simplest viscosity effect, known as Newtonian flow, is that in 
which the rate of deformation is directly proportional to the magnitude 
of the applied force; all other viscosity effects are superimposed on the 
Newtonian or fundamental condition of flow. Pure liquids and dilute 
polymer solutions generally exhibit Newtonian flow. Concentrated solu¬ 
tions of many polymers and most plastic compositions, as a rule, exhibit 
elastic as well as viscous effects which considerably complicate their 
study. The discussion in this chapter will be limited to the consideration 
of Newtonian flow only. 

Lest the reader be misled into believing that all complications 
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will be avoided by restricting our discussion to Newtonian flow, we 
hasten to point out that even this simplest classification of the 
subject is complicated in the case of solutions by uncertainties in regard 
to molecular weight and molecular-weight distribution, and in the case 
of pure liquids, by association, particularly in the neighborhood of the 
freezing points. It is, perhaps, these very complications that have so 
greatly confused the subject; in spite of over one hundred years of active 
study by scientists all over the world, no completely satisfactory theoret¬ 
ical concept of the flow process has yet been proposed. 


Empirical Viscosity Functions 

Many empirical expressions defining viscosity in Newtonian flow as a 
function of temperature, molecular weight (in homologous series) or 
concentration (in solutions) have been proposed, and it will be informa¬ 
tive to consider a number of these relations chronologically. 

Formulas from the Literature for the Dependence of Viscosity on Tem¬ 
perature, Free-Space, Molecular Weight (in Homologous Series) and 
Concentration (in Solutions): 

Viscosity as a Function of Temperature. The viscosity-temperature 
functions proposed by various investigators through the years fall into 
the following four general classifications: (1) binomial expansions, (2) re¬ 
duced temperature expressions, (3) fluidity relations, and (4) exponential 
and double exponential relationships. 

The formulas of Poiseuille 1 (1846), Slotte - (1892) and many others fall 
under the first classification since they can all be reduced to the follow¬ 
ing form: 

v - no(l + at) n 

If a; be taken as —2, the above form becomes the original Poiseuille 
equation: 

_ Vo 
^ 1 -j- at -f- j Qt* 

Terms higher than the square term do not seem to improve the fit of the 
binomial expansion formulas. 

Formulas falling in the second classification, reduced temperature ex¬ 
pressions, are limited in their range of applicability because neither 
critical temperatures nor boiling temperatures can be obtained experi¬ 
mentally with compounds of moderate to high molecular weight. In 
reviewing the reduced temperature relationships proposed in the litera¬ 
ture, the work of Porter 3 (1912), Nissan 4 (1940 et seq.), and Telang 3 
(1946) should be mentioned. 
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Porter uses a standard liquid such as water, and compares the viscosity 
of the liquid under study to that of the standard liquid. If a series of 
temperatures, T, are chosen at which the liquid has the same viscosity as 
the standard liquid at some other temperatures, T s , then T/T 8 versus T 
will define a straight line. From this, Porter deduces that /(»;) = A + B/T, 
where A and B are constants characteristic of each liquid. While this 
particular reduced temperature scheme does not involve the experimental 
determination of either critical or boiling temperatures, it nevertheless 
is of limited value because the nature of f(y) is not characterized. 

Nissan and his associates have contributed extensively to the literature 
on viscosity. Their reduced temperature is the quotient T/T bt in which 
T h is the absolute temperature of the boiling point. Over moderate 
ranges of temperature, the Nissan relationship gives quite good agree¬ 
ment, but it does not appear to be any better than the Andrade function 
which is discussed later. 

Telang’s equation makes use of the difference in temperature between 
the critical temperature, T c , and the absolute temperature of the meas¬ 
urement, T. The agreement is good for ten unassociated liquids over a 
limited range of temperatures. The equation is: 

V 5 ? = (r e _ r )°- 3 ~ B 

Fluidities rather than viscosities attained a certain vogue several years 
ago as a consequence of the supposition that the fluidities of the com¬ 
ponents of mixtures were additive. The fluidity concept was first intro¬ 
duced by Bingham 6 in 1910, and he and his students published exten¬ 
sively on this subject. Bingham's first formula w T as: 

t A<j> — 1B/<j> + C 

Here, t is the temperature of measurement, cf> is the reciprocal viscosity 
or fluidity, and A, B, and C are constants. A more recent fluidity equa¬ 
tion (Bingham and Stookey, 7 1939) is: 

<f>/T = A + BT 

There appears to be no advantage to be derived from the employment 
of fluidities rather than viscosities when a considerable range of tem¬ 
peratures is involved. 

By far the greatest activity on the part of investigators has been in 
the fourth category mentioned above, that of exponential relationships. 
The exponential type of function seems particularly well-suited to han¬ 
dling viscosity data and affords practically limitless opportunities for 
defining fairly close fits. 

The simplest exponential formula, and probably the most accurate as 
well, was first proposed by de Guzman 8 in 1913. This formula has been 
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independently rediscovered by numerous investigators, many of whom 
were quite unaware of prior publications proposing the same relation¬ 
ship. Professor Andrade, in England, seems to have done more work with 
the exponential reciprocal temperature relationship than any other in¬ 
vestigator, and he was the first to offer a quasi-theoretical explanation 
of the flow process based on this function. Because of the extensive con¬ 
tributions of Andrade to this subject, the relation first discovered by 
de Guzman is now generally called the Andrade function and this prac¬ 
tice will be continued by the present author. 

The principal simple exponential viscosity-temperature relationships 
found in the literature are listed chronologically below. Only those 
marked by an asterisk differ materially from the Andrade function. 


Date 

Investigator 

Relationship 

1913 

de Guzman 8 

din 4> W 

dT RT 2 

1916 

Arrhenius 9 

dlnn-v 1 ' 2 K 
dT ~ T 2 

1917 

Kendall and Monroe 10 

In „»/» =Y + a 

1918 

Drucker 11 

Drucker and de Guzman collaborated 
d In 4> W 



dT ~ RT 2 

1921 

Vogel 12 

r, = 

1923 

Raman 13 

m = % «<*-»>/**• 

1926 

Frenkel 14 

n = ATe B/T * 

1926 

Dunn 15 

v = Ae°' BT 

1930 

Andrade 16 

r, - A^ T 

1930 

Madge 17 

Ae BT * 
v ~ T - b 

1930 

Sheppard 18 

t, - Ae B ' T 

1933 

Silverman 19 

KV 

V « —L e (Q/RT) - cr * 

VT 

1933 

Gragoe 20 

A+ln v - B+t 

1936 

Macleod 21 

Be c/Tt * 
v= T 

1936 

Eyring 22 

Nh „ „ 

JJ = -y • e B,/kT 

1937 

Barr 23 

(r+a) =. e U+B/T)°* 

1939 

Hugel 24 

7 , -Ae* 

1941 

Eyring 25 

Afi/s T*/s 

t, = 1.09-10-* 

1947 

Stuart 26 

v=A — B log (T — Tj) * 
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In the above formulas the following symbols are employed: 

= fluidity = reciprocal viscosity 
T = absolute temperature 

it = viscosity; 71 1 = viscosity of liquid; rj v = viscosity of vapor 
t = temperature 

E, W, Q = energy or heat 

Tf = absolute temperature of fusion 
v = kinematic viscosity 
v = specific volume; V — molar volume 

A , a , b , C, X:, .ST, 1700 , i?, IV, h = constants 

A number of these investigators have attempted to justify their formu¬ 
las on theoretical or quasi-theoretical grounds. Since, however, no simple 
exponential function will reproduce the measured viscosities of unasso¬ 
ciated liquids over an extended range, it is doubtful whether a sufficient 
experimental basis for these theoretical treatments has been established. 

A double exponential type of function extends considerably the range 
over which it is possible to obtain a good fit of the data. This applies 
particularly well to lubricating oils at the higher temperatures of meas¬ 
urement. As a consequence of their success with lubricating oils, the 
double exponential equations have been used quite widely in industry. 
The American Society for Testing Materials, for example, issued a special 
cross-section paper plotted according to one of these equations (see 
below); this paper is very useful for rectifying viscosity-temperature data 
over considerable ranges. 

The double exponential type of equations was pioneered by Walther 
in Germany. His first formula, proposed in 1928, 27 was: 

log log ? - jqq— + log log *50 

In 1930, 28 he proposed: 

log log * = — 72 (log T - 2.309) + log log *50 


and in 1931: 29 

log log (] U T -f 0.95) = -n log T/Ti + log log (p Tl + 0.95) 

The final Walther equation, which was adopted by the ASTM for their 
special cross-section paper for use in plotting viscosity-temperature data, 
was published in 1933 30 as: 


log log (* + 0.8) - -72 log T/Ti + log log (u Tl + 0.8) 
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In these formulas: 

v = kinematic viscosity 
t = temperature, °G 
T = absolute temperature 
a 9 n = constants 

The double exponential may be better visualized by transforming it to 
the following form: 

(v + a) Tn « K 

from which it appears that the fall in viscosity owing to a rise in tem¬ 
perature is compensated for by raising the value of the viscosity (plus a 
constant) to the T n power. 

Viscosity as a Function of Free-Space. The principal investigators who 
have worked with the concept of viscosity as a function of free-space are: 


Date 

Investigator 

Relationship 

1913 

Batschinski 31 

C 

*-v-b 

1918 

van der Waals, Jr. 32 

v = 0.335nV 4 V2itr/m e- R ' RT 

- b\ 

1923 

Macleod 33 

V=C \ v )A 

1926 

Dubief 34 

V 

v= ^v-b 

1933 

Herzog and Kudar 35 

_ 1 /8 RTM d 

V 6 \ T V-& 

1939 

van Wijk and Seeder 36 * 

Q 

v V(V - ft ‘ 

1940 

Bingham and Kinney 37 

V -C = A* - BU 

1941 

Eyring 23 

v - • p ■ {Wv f y« ■ e E '* T 

[From equation 32, p. 485, Ref. 25, by placing 

V = M/p and free-space/molecule = Mo r /N] 

* This is the same as van der Waals, Jr.’s formula, since n oc -• 

V 

In the above formulas: 


7j = viscosity 
4> — fluidity = 1/17 
p = density 

v ~ specific volume = 1 /p; V = molar volume; v f = free-space per gram = v — b 
b = volume of one gram of molecules in close packing (van der Waals* b) 

(J = volume of one mole in close packing 
n = number of molecules in unit volume 
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N = Avogadro’s number 
d = diameter of a molecule 
m = mass of a molecule; M = molecular weight 
k = Boltzmann constant 
A, B,CR 9 = constants 

It will be observed that all these investigators, with the exception of 
Eyring, related viscosity to reciprocal free-space. The principal variable 
in the above formula of Eyring is, of course, the exponential term which 
decreases as T increases. The exponential term is multiplied, however, 
by T 1/2 and v f 1/s which increase as T increases, and by p which decreases 
as T increases. The influence of free-space on viscosity is therefore some¬ 
what obscured in this Eyring formula, which should perhaps be con¬ 
sidered as an example of the dependence of viscosity on temperature 
rather than on free-space. 

Viscosity as a Function of Molecular Weight in Homologous Series. 
The dependence of viscosity on molecular weight at a fixed temperature 
or at some reference temperature such as the melting or boiling point 
has been studied by a number of investigators. The following is a chrono¬ 
logical record of the more important contributions to this phase of the 


subject. 


Date 

Investigator 

Relationship 

1909 

Dunstan and Thole 38 

In 7i = am -f b 

1925 

Macleod 39 

7j — Kma/x 

where a — degree of association 
x = relative free-space 

1931 

Andrade 40 

17 / = 2 mvj<T 

or = B{AT { yiyv^ 

where v = frequency of junction per second 
c — average distance between centers 

A = atomic weight 

V A = atomic volume 

1938 

Souders 41 

logio logio 7j = Ip/m - 2.9 

1939 

Lewis and Morgan 42 

In 17 = ^[(ln m)/T + B In P + C 
where P = parachor 

1939 

Hugel 24 

In 17 - a = Q/R(T - b) 
where a and Q are functions of m 

1940 

Flory 43 

In 17 * am 1/2 + b 

1940 

Kauzmann and Eyring 44 

7J = 

where E si8 is related to L, the latent heat of 
vaporization 

1941 

Linke 45 

In 17 = A + B/A.S1T 

where A and B are functions of m 

1943 

Friend and Hargreaves 46 

R = 77277b 1 / 8 / P 
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1944 KiersteadandTurkevich 47 4> = Ae~ EIRT 

where A and E are functions of m 

In the above formulas the symbols are: 

17 = viscosity; rjf — viscosity at the melting point; T) b = viscosity at the boiling 
point 

<f> — fluidity =1A 

m - molecular weight 

T = absolute temperature; T f = absolute temperature of fusion 

p = density 

a , -4, B, C, I,K 9 R = constants 

Of all formulas proposed expressing viscosity as a function of constitu¬ 
tion, only the formula of Andrade above for the viscosity at the melting 
point enables the calculation of this value directly without the use of 
arbitrary constants. The agreement is good in the case of certain ele¬ 
ments, but poor in many other instances. 

The studies of Hugel, Kauzmann and Eyring, Linke, and Kierstead 
and Turkevich are similar in nature, since each is an attempt to define 
further the constants of the de Guzman-Andrade equation in terms of 
molecular weight. None of these relationships is applicable over an ex¬ 
tended range of molecular weights. 

The expression proposed by Souders is of considerable interest since 
it provides a means of estimating roughly the viscosity of a large number 
of substances when the density at the desired temperature is known. The 
viscosity-constitutional constant, I , can not only be calculated from 
atomic and structural constants, but has been shown by Lagemann 48 to 
be related to the refractive index and by Buehler 49 to the surface ten¬ 
sion. A nomograph for organic liquids based on the Souders relation 
has been published by Davis. 50 

The proposal of Friend and Hargreaves to establish a “rheochor,” 
R mqf's/p, resembling the parachor, Pzzzmy'^/p, does not seem to 
have attracted other investigators so far, although the idea seems to have 
interesting possibilities. 

Viscosity as a Function of Concentration in Solutions. The empirical 
study of the relation between viscosity and concentration in solutions of 
resinous materials has been most extensive. Since this approach is not 
likely to yield information of fundamental significance unless the form 
of the empirical function is related to some physical concept of the 
mechanism of the flow process, little of value will be gained by attempt¬ 
ing to enumerate the empirical formulas heretofore proposed. A few 
however deserve mention, because they indicate the type or form of such 
functions that have proved somewhat successful over limited ranges. The 
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following is a chronological record of some of the more important em¬ 
pirical functions proposed in the literature: 


Date Investigator 

1887 Arrhenius 51 

1913 Baker 52 

1932 Fikentscher 53 

1935 Papkov 54 

1936 Philippoff 35 

1937 Bredee and deBooys 56 

1942 Martin 57 

1947 Doyle, Harbottle, Badger and Noyes 58 

In the above formulas: 


Relationship 

yj — A x i B x 2 

For dilute solutions, this reduces 
to In ij r « k • c 

v\ = i?o(l 4* ac) k 

T, 75ifc 2 "I 
in„ r - [a + i qr OfeJ c 

In 97 r = 

>?r = (1 + cW/8) 8 

(This is a special case of Baker s 
formula) 

T 2.5 b 

* = L 1+ ~r c J 

(Also a special case of Baker’s 
formula) 

In (vsp/c) = In M + k[ri]c 

Vr = 1 + Wl c * 10 fc M^ 

(Martin’s formula) 


i) = viscosity 

. . . viscosity of solution 

77 r = relative viscosity = —-:--— - - 

viscosity of solvent 

ij 0 = viscosity of solvent 
c — concentration, g /100 cc 
x = volume fraction 
[ 17 ], A, B , a, b, k = constants 

Of all the above relationships, the following four are the most widely 
used, and hence of greatest interest: 


Andrade 

„ = Ae B/T 

(1) 

Arrhenius 

V = Ae Bc 

(2) 

Dunstan 

v =Ae Bm 

(3) 

Flory 

v = A^ m 

(4) 


The Andrade function is of especial significance, firstly because of its 
remarkably good fit in most cases, and secondly because it serves as the 
basis of most of the attempts that have been made to interpret the mech¬ 
anism of viscosity theoretically. The latter is undoubtedly so because of 
the closeness of fit provided by this function. 

The Arrhenius function is the least general of the above four expres¬ 
sions, since it is usually limited to quite narrow ranges of concentration. 
Oddly enough, this function is often more applicable to non-Newtonian 



158 


COLLOID CHEMISTRY 


solutions (such as concentrated “Vinylite” resin solutions), than it is to 
Newtonian solutions. 

The Dunstan rule is likewise o£ quite limited application in homol¬ 
ogous series of pure compounds, but is of interest when applied to solu¬ 
tions, as it forms the basis of the Staudinger rule for the determination 
of the molecular weights of polymers. This will be developed in a later 
section. 



Figure 1. n-Paraffin hydrocarbons. Log¬ 
arithm of viscosity vs. reciprocal relative 
free-space. 


The Flory rule is of recent origin. It is generally useful for dealing 
with solutions in the intermediate to high concentration range, but can¬ 
not be applied successfully over the range from very low to intermediate 
concentrations. 


The Free-Space Function 

The four functions presented above are now known to be approxima¬ 
tion functions rather than exact functions. The failure of these, and all 
other functions investigated by us, led the author to question whether 
either temperature or molecular weight was, in fact, a direct variable on 
which viscosity depends. It seemed more likely that both temperature 
and molecular weight influenced some other variable that more directly 
determined the viscosity. Such a variable was found to be the volume 
concentration of molecules in the liquid per unit volume of free-space. 
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This variable is influenced by both temperature and molecular weight 
(in homologous series). When used as the direct variable in a simple 
exponential equation, it reproduces the measured values with great ac¬ 
curacy except in the neighborhood of the freezing points. That is, the 
function. 

n = ( 5 ) 

(where v Q = volume of molecules per gram of the liquid 
v f = free-space per gram of the liquid 
A, B = constants for a single substance) 

reproduces the measured viscosities with an accuracy equal to or better 
than the accuracy attainable in very high precision measurements. No 
other function examined by us approaches this degree of validity. We 
were therefore led to the belief that equation (5) may be an exact 
function. 



The work from which the above conclusions were drawn was a pre¬ 
cision study of ten rc-paraffin hydrocarbons ranging from pentane, m=72, 
to tetrahexacontane, m=900. The temperatures of measurement ranged 
from —10° to 300°C. When the logarithms of the viscosity were plotted 
(Figure 1) against the reciprocal relative free-space, straight lines resulted 
for each compound over all temperatures except those in the neighbor¬ 
hood of the freezing points. The lines for the paraffins from heptane to 
heptadecane inclusive converged to a common intercept, so it was pos¬ 
sible to set up a molecular-weight function defining these values by de¬ 
termining the form of the dependence of their slopes on molecular 
weight. Thus it was found that: 

B = Ce-s’/”' 11 * ( 6 ) 

From this relationship, one can write: 

In 17 = Ce-P /m ' 1 * (v Q /v f ) -f In A (7) 

Equations (6) and (7) are not exact functions in the sense that equa¬ 
tion (5) is thought to be, since there is a slight divergence of the inter- 
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cepts from their average value. The agreement is close enough, however, 
for equation (7) to define all of the viscosities of paraffins m = 100 through 
240 with an accuracy of about 1 per cent, except those values excluded 
because of proximity to their freezing points. The values for the higher- 
molecular-weight paraffins diverge from the base line at the higher tem¬ 
peratures. Figure 2 illustrates the application of equation (7) to the 
paraffin data from m=100 through 900. 


The Logarithmic-Decrement Function 

Since the accurate determination of free-space is difficult for series of 
compounds other than the re-paraffins, it is desirable to set up a molecular- 
weight function that does not depend on free-space, even if some measure 
of general applicability is sacrificed by so doing. Accordingly, it was 


Figure 3. n-Acetic esters at 50°C. viscosities 
rectified according to logarithmic-decrement 
rule. 


shown that, at constant temperature, v 0 /v f is approximately proportional 
to e- K/mS/i , 

whence S' r*™ ~ ( 8 ) 

Now expressions showing a logarithmic-decrement type of variation, 
such as equation (7), afford considerable leeway in fitting data by adjust¬ 
ment of the constants. Thus, it was found that the variation of K/m^ 
could be absorbed in p'/m 1 '* by making proper adjustment in each of 
the constants of the equation, resulting in the final form of the molecu¬ 
lar-weight function at constant temperature of: 

In i) = cw-S'W + y (9) 

On account of the adjustment made in the constants, however, the slope 
and intercept of equation (9) bear no relation to the corresponding 
slope and intercept of equation (7) and consequently lose their physical 
significance. 

Equation (9) was successfully applied (as an approximation function) 
to the re-paraffins and to a variety of other homologous series of pure 
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compounds. An example is given in Figure 3. The fit of the data over 
an extended range of molecular weights was shown to be much better 
than that of either the Dunstan (linear) or the Flory (square-root) rules. 

Homologous series of heterogeneous polymers may be treated by equa¬ 
tion ( 9 ) without particular concern for the method of averaging used in 
determining their molecular weights. [If an average other than the num¬ 
ber-average is used, the polymers should be sufficiently heterogeneous to 
make true the assumption that the particular average chosen is the same 
multiple of the number-average in all cases. This follows because the 
constant multiplier of the number-average is absorbed in the appropriate 
value of (}. For example, if weight-averages are used, it is assumed that 

M w z=2M x , whence 

= ( 1 / 2 W/Bty « 

An example of a homologous series of polymers rectified according to 
the logarithmic-decrement rule is given in Figure 4. 


Figure 4. Decamefhylene adipate polymers 
at 109°C. Data of Flory rectified according to 
logarithmic-decrement rule. 



The Viscosity of Mixtures 

The viscosity of mixtures of two (or more) pure compounds has been 
the subject of considerable study over many years. The early attempts 
to formulate expressions that would define the viscosity of mixtures were 
usually based on some method of combining the viscosities of the com¬ 
ponents. Most of these relationships may be shown to be variations of the 
following general form: 

/(*) = *i/ 6 n) + * 2 / 672 ) 0 °) 

in which x represents the concentration as weight fraction, volume frac¬ 
tion, mole fraction, etc., and f(rj) is some function of the viscosity. When 
Kv) * s V’ we kave the linear formula . 50 If /(jj)=Injj, the Arrhenius 51 
formula results. With /(»/)= 1 /jj, equation (10) becomes Bingham’s 60 
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formula, whereas if f(y)=i] 1/z , the formula of Kendall and Monroe, 61 
is represented- Kottler’s 62 formula, which makes use of the Batschinski 
free-volume relation, may be thrown into the form of equation (10) if 

Ni iVa 

J(v) ~ 1/n an d if x i = Cr v, Co ,v 8 an d *2 = Ci-ViQiVs 

C x and C 2 being the Batschinski constants, and and N 2 being the mole 
fractions of components 1 and 2. 

A different type formula was proposed by van der Wyk 63 by consider¬ 
ing the interaction between the components of the mixture. His form¬ 
ula is: 


In 7j = Ni* In ~~~~9 + 22Yi In -—|- In vn ( 11 ) 

war m 

The only constant in this formula is ?/ 12 . It is claimed that equation (11) 
gives a better fit than the cube-root equation of Kendall and Monroe, 
which is probably the best of the formulas of the type of equation (10). 

While equations of the type of (10) and (11) are useful in the case of 
two-component mixtures of normal liquids having molecular weights of 
the same order of magnitude, they fail as soon as the difference in molec¬ 
ular weights of the components becomes appreciable. 

More recent approaches to the problem of the viscosity of mixtures 
have dealt with the molecular weights of the components rather than 
the viscosities of the components. Thus Flory, 43 Huggins, 64 and others 
have set up relationships defining viscosity as a function of certain aver¬ 
age molecular weights of the components. The author’s approach is 
along similar lines. 

The Weighted-Average Molecular Weight. If one wishes to obtain the 
average of a group of numbers, he simply divides their sum by their 
number. If, however, he is concerned about the effect that a group of 
objects may have on some phenomenon that can be measured, it is pos¬ 
sible that objects of different size or different mass may contribute dif¬ 
ferent effects. Thus, when one speaks of average molecular weights of 
polymers, he is not dealing with abstract numbers but rather with the 
effect on measurable phenomena that the molecules produce. Conse¬ 
quently, the average molecular weight, M, of a substance, containing 
n molecules m 19 m. 2s m. 6 . . . m n is a weight such that n of these average 
molecules would produce the same effect as do the m 1 +m<>-\-m z -{- . .. m n 
actual molecules present. This means, generally speaking, that the nature 
of the phenomenon involved determines the kind of an average molec¬ 
ular weight one measures. 

Thus, if the phenomenon is that of reacting the end groups with an 
appropriate reagent, it will make no difference whether the molecules are 
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large or small. Each will have two end groups and all one does by such 
a titration is to count their number. The use of this phenomenon as the 
criterion, therefore, is no different than dealing with abstract numbers. 
This average is the number-average which is written: 


M 


:v = rn 




nu n* nz 

W2j + — + 


27 Zj 


2 n 


] 'Znm _ 
= ~SfT " 


IT 


( 12 ) 


Suppose, however, that the phenomenon to be measured is influenced 
by the size or mass of the molecules, such as would be the case with 
diffusion or with internal pressure. In this case, the resulting effect would 
be determined by the distribution of molecular sizes present. It would 
therefore be necessary to weight the contribution of each size group by a 
factor involving the size of the members of that group. To be perfectly 
general, let such a weighting factor be f(?n) = m n . We should then write, 
for this general case: * 




E f nmY n«m£ nmz a 

[2—. «i + ^ ms + — a m 3 + 


2 nm a 


It is clear that if a=l. 


M a 


272772 ° 

272772 2 _ 272772 2 

2 ^T = ~W' 


2nm a + 1 

272772 ° 


(13) 


and this particular average becomes the weight-average, M ir - If a — 0, 


M a = o 

which is the number-average. 


272772 

~2tT 


272772 

1V' 


For the case of a mixture of only two components whose molecular 
weights are m and M a , and where w 2 is the weight fraction of M a present, 
equation (13) reduces to: 

rr _ 

_ Ma “ m + 1 + (Af^m)»—(1 - wi>/w» (14) 

* In 1943, Flory 4 ^ proposed the term “viscosity-average molecular weight” which he 
represented by the symbol, M n defined by: 

M, = pr + 1 T" 

In this equation, a is defined by 

(Vsp) i j£ m <i 
Ci *’ 

or by [ 17 ] = KM; 

Dr. Huggins has recently informed the author that the Committee on Nomenclature of 
the National Research Council proposes the symbol, M a , in place of Flory’s M v , above. 
The symbol, M ai proposed by the Committee has a different meaning from that used by 
the author in equation (13), although both reduce to the same expression when a = 1 
(i.e., for a weight-average molecular weight). No change could be introduced in this text 
because the plates had already been made when the printer was approached regarding it. 


L ~72772 J 

for the 2 th polymer component, 
for the complete polymer. 
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The viscosity of mixtures at constant temperature may be readily 
rectified by the logarithmic-decrement function, equation (9), if one uses 
the appropriate weighted-average molecular weight of the components 
of the mixture, averaged according to equations (13) or (14). It was 
found by examination of a number of systems, however, that there is no 



Figure 5. n-Heptane and n-heptadecane at 50°C. Vis¬ 
cosities of mixtures rectified according to logarithmic- 
decrement rule, showing influence of parameter, a. 


definite “viscosity-average” molecular weight such as we speak of in the 
case of the number-average or the weight-average, but the value of the 
parameter, a, must be determined for each system studied. 

A number of examples of the viscosities of mixtures rectified according 
to the logarithmic-decrement equation are given in Figures 5, 6, 7, and 8. 
It will be noted that the value of the parameter, a, varies from 0.3 to 1 
in this particular group of mixtures. 


Figure 6. Ethyl acetate and n-octadecyl ace¬ 
tate at 50°C. Viscosities of mixtures rectified 
according to logarithmic-decrement rule. 



The Viscosity of Solutions of Resinous Substances 

The principal contribution to polymer chemistry that is made by the 
research work here described lies in the rectification of the dependence of 
viscosity in Newtonian flow on concentration in polymer solutions. More 
study has probably been given to this aspect of Newtonian flow in recent 
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years than to any other problems involving viscosity, because of its bear¬ 
ing on the manufacture and use of resinous substances, as mentioned at 
the beginning of this chapter. 

The field is rather sharply divided between studies made on dilute 
solutions and those on concentrated solutions, the latter extending to 


Figure 7. Di-n-butyl and di-n-octadecyl succinate 
at 100°C. Viscosities of mixtures rectified accord¬ 
ing to logarithmic-decrement rule. 



the undiluted molten polymers. No function has heretofore been ade¬ 
quate to define accurately the dependence of viscosity in Newtonian flow 
on concentration (or on average molecular weight) from very dilute solu¬ 
tions clear through to the undiluted polymer. Consequently, the two 
divisions of the field have been investigated separately, by far the most 
emphasis being placed on the dilute-solution category. 



Figure 8. Decamethylene adipate polymers, 
m equals 1402 and M equals 14,110, at 
109°C. Data of Flory rectified according to 
logarithmic-decrement rule. 


Investigation of dilute solutions of polymers has yielded two important 
results of great value in polymer chemistry. The first of these is the ap¬ 
plication of hydrodynamic principles to the theory of the viscosity of 
dilute solutions of macromolecules. 

Several excellent reviews have been published of the work done by 
investigators following the hydrodynamic type of approach to the study 
of the flow of dilute solutions of macromolecular substances. One in- 
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terested in this field should certainly read the Burgers, 65 , Lauffer, 06 and 
Eirich 67 reports. The subject is also reviewed in a forthright manner in 
Mark's 68 book. It will suffice here to say that the students of the hydro- 
dynamic approach have extended the classical treatment of Einstein 69 
on the viscosity of dilute suspensions of rigid spheres to the case of solu¬ 
tions of rod-shaped macromolecules, under circumstances where Brownian 
movement either may or may not be a factor. Expressions for the specific 
viscosity in terms of the concentration, c , and of the axial ratio, /, have 
been derived, that have been substantiated in certain cases by experi¬ 
ments made with model suspensions such as chopped silk fibers in water. 
These studies have contributed materially to our knowledge of the size 
and shape of macromolecules in solution. 

Another achievement of great value in polymer chemistry, resulting 
from the study of the viscosity of dilute solutions, is the observation by 
Staudinger that the molecular weight of the dissolved polymer is propor¬ 
tional to the specific viscosity divided by the concentration, or, as more 
often written, 

Vsp = Myfi (15) 

I soln. 

where i* - * - 1 - ^ - 1 

M w = weight-average molecular weight of the dissolved polymer. 

c = concentration of solute, g/100 cc solution 
K m ~ “Staudinger constant” 

This relationship may be deduced from the Dunstan rule, equation (3), 
in the following manner: 

In 7i » BM W + In A (3) 

Where M w = weight-average molecular weight of solvent plus polymer. 

But [see equation (2.0)] M w = m + (M w — m)w 2 

- m + (M w - m)(c/ 100) ^ m -f M w (c/ 100) 
Therefore In 77 = BM w (c/ 100) + (Bm + In A) (16) 

When (Bm + In ^4) = In 7j ioWi and B — 100 K m 

equation (16) becomes In ij r ^ ti sp = K m M w c 

The simple Staudinger rule has not been found adequate to apply to 
all systems of polymer plus solvent, and it has accordingly been modified 
in several ways to provide a better fit. One of the most useful of these 
modifications is simply the addition of a c 2 term. 

Thus, if In v r “ K-nMufi + -&2C 2 

Then, ^ “ K„M a + K$ 


(17) 

(18) 
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By plotting versus c, a straight line is usually' pbtained whose inter¬ 
cept is K m M w . The value of the left-hand member of equation (18) at 
c —0 was called the “intrinsic viscosity,” [rj], by Kraemer, 70 and this term 
has become very useful, in polymer chemistry. ’; 

The viscosity of concentrated solutions of polymers has received far less 
attention by investigators than the viscosity of dilute solutions. This is, in 
part, owing to the departure from Newtonian conditions observed in the 
case of many concentrated polymer solutions. 

A few examples of empirical functions relating the viscosity of solu¬ 
tions to concentration were given in an earlier section. None of these 
examples is of general application. Each applies to a particular class of 
polymers and each, in general, is valid over restricted ranges of concen¬ 
tration. The Arrhenius rule is most convenient when used in the form 
In 7 ] r =kc. This relationship has been applied to shellac solutions by Ver- 
man 71 and to “Vinylite” solutions in numerous solvents in our own lab¬ 
oratories. The Papkov formula is a logical extension of the Arrhenius 
rule, and has been applied to solutions of phenolic resins in acetone by 
Klaassens and Houwink. 72 Baker's formula perhaps has the most uni¬ 
versal application of any of those listed. It has been used in various forms 
by numerous investigators, particularly Philippoff, 55 Bredee and de- 
Booys, 56 * 73 and Mead and Fuoss. 74 One of the more recent concentration 
formulas was proposed by Martin 57 in 1942. This was applied with some 
success to solutions of polystyrene by Spencer and Williams, 75 and to 
nitrocellulose solutions by Doyle, Harbottle, Badger, and Noyes. 58 

Considerable encouragement to the feeling that a true viscosity func¬ 
tion should be possible of attainment was given by the papers of Irany, 76 
published in 19S8 to 1941, in which he showed graphically that the de¬ 
pendence of viscosity on concentration, (as well as on temperature) could 
be rectified by the use of a suitable scale. The nature of Irany's function 
has not, however, been elucidated. 

The most useful relationship heretofore proposed for dealing with the 
dependence of viscosity on concentration in the intermediate- to high- 
solids range is that of Flory, 43 who first proposed to deal with solutions 
as mixtures of members of homologous series in which the variable is 
the weighted-average molecular weight of solvent and solute. Flory’s well- 
known square-root rule. 

In i? =lnA +BMW (19) 

has been applied to solutions of decamethylene adipate polymers in 
diethyl succinate by Flory 77 himself, to solutions of polystyrene in var¬ 
ious solvents by Spencer and Williams, 73 and to other systems by a num¬ 
ber of investigators. The author's approach to this subject may be CQn- 
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sidered as an extension of the Flory treatment, although our work 
leading to this concept was done independently some years prior to 
Flory's. 

Adaptation of the Logarithmic-Decrement Equation to the Viscosity 
of Solutions of High Polymers. The treatment of solutions of high 
polymers, proposed by the author, involves a slight extension and some 
simplification of the ideas advanced in the prior section on mixtures. 
The extension arises from the necessity of considering the solvent as a 
member of the same homologous series as the resinous component or 
solute. In most cases this offers no serious complications, but in the case 
of solvent and solute of quite dissimilar types the significance of the 
weighted-average molecular-weight parameter is lost. The simplification 
arises from the fact that, in solutions of high polymers, the spread in 
molecular weight between solvent and solute is so great that such solu¬ 
tions may be treated as special cases of the more general rules that apply 
to mixtures. Thus, if solvent and solute do belong to the same ho¬ 
mologous series, the great spread between their molecular weights usually 
calls for a value of one for the weighted-average molecular-weight para¬ 
meter, a , of equation (14). Under such circumstances equation (14) 
reduces at once to: 


M a = ! = M w = m + (M w - m) • w 2 (20) 

If, however, solvent and solute are of quite different chemical families, 
a value of a somewhat less than one often has been found to apply. If this 
value is 0.5 or less, a different method of simplification of equation (14) 
may be used. Thus, we may write: 


77 _ ,_ M a — m _ 

a m *" 1 4* {M a /m) 1 ~ “(1 - wz)/w« 

M a — m _ws_ 

~ m + (MJmY - « 1 - a*[l - ~ «] 

If Af/?n is a sufficiently large number, l/(M a /?n) 1 ~ a becomes negligible 
in comparison with unity for values of a equal to or less than about 0.5. 
This simplification is valid for low values of w 2 but differs appreciably 
from the true function as w 2 approaches unity. The simplified expres¬ 
sion is: 


M- 


a £ 0.5 


, M a — m wz 

m + (MJmY ~ • 1 - w* 


( 22 ) 


Dependence on Molecular Weight. If the molecular weight of the 
polymer is known, equations (20) or (22)—whichever is appropriate to 
the system studied—may be used as written. Figure 9 presents Flory’s 
data on solutions of decamethylene adipate polymer, M, c = 16,070, in 
diethyl succinate, m = 174.2, at 79° C, rectified according to the logarith- 
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mic-decrement rule using the simplification indicated in equation (20). 
Attention is particularly directed to the good conformance of the data at 
very low concentrations of solute. The same data plotted according to 
the square-root rule, Figure 10, fail to conform in this region. 


Figure 9. Decamethylene adipate polymer in 
diethyl succinate at 79° C. Data of Flory rectified 
according to logarithmic-decrement rule. 



Dependence on Concentration. In most industrial applications where 
viscosity control or blending operations are carried out, the molecular 
weight is not known. In such cases it is desirable to rectify viscosity as a 
function of solute concentration without reference to molecular weight. 
Equation (9) is readily modified for this purpose by further simplification 



Figure 10. Decamethylene adipate polymer in 
diethyl succinate at 79°C. Data of Flory rectified 
according to square-root rule. 


of equations (20) and (22). Before proceeding with this step, however, it 
is necessary to consider certain ways of expressing concentration in solu¬ 
tions. In industrial work, concentration is almost always expressed as per 
cent of solids or grams of solute per 100 grams of solution. In scientific 
work, however, it is often useful to express concentration in grams of 
solute per 100 grams of solvent. The symbol c is used in either case, with 




170 


COLLOID CHEMISTRY 


the appropriate units indicated. Now, for any given system of solvent and 
solute,'both the (M tt — m) of equation (20) and the (M a —m)/(M a /m) 1 - a 
of-equation (22) are fixed. Likewise, w 2 =c/100 grams of solute per gram 
of solution, and w 2 /(l—a/ 2 )=c/100 grams of solute per gram of solvent. 
Consequently, both equations (20) and (22) may be written: 

M a = m + kc (23) 

for the particular values a = 1 and a ^ 0.5, provided the unit of concen¬ 
tration is properly defined. 

For the special cases just discussed, equation (9) could be written: 

In, + (24) 

but a further simplification is desirable and may be made by translating 
the axes defining In j j=f(M a ) a distance of m units to the right. The same 
curve is then defined with respect to the new position of the axes by 
Injj =f(kc), since M a =m + kc. Therefore, for high polymer solutions we 
may write. 

In , = ae-VW' + y = ae- K ^" + 7 (25) 



Figure 11. Dependence on concentration. Half-sec¬ 
ond nitrocellulose in acetone at 20°C. Viscosities of 
high-polymer solutions rectified according to loga¬ 
rithmic-decrement rule. (Concentration in grams of 
solute per 100 grams of solvent.) 


for the special cases where the weighted-average molecular-weight para¬ 
meter, a, either is unity or else is 0.5 or less. In the former case, c is in 
grams of solute per hundred grams of solution, a is the same as in equa¬ 
tion (9), and y is In ?? solv . In the latter case, however, an approximation 
is made that introduces an appreciable deviation toward the higher con¬ 
centration end. In order to rectify the viscosity as a function of concen¬ 
tration in this case, a slight adjustment to take care of this deviation 
must be made in the /? of equation (9), requiring somewhat different 
values of a and y in equation (25). 

Equation (25) is of wide applicability to polymer solutions that exhibit 
Newtonian flow. Figure 11 illustrates the use of equation (25) with data 
on the viscosities of acetone solutions of nitrocellulose at 20°C. In this 
case, the value of the parameter happens to be 0.5 so that concentration 
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is expressed in grams of solute per 100 grams of solvent. The agreement 
is good from 1 to 20 per cent solids (1 to 25 grams per 100 grams of 
solvent). 

Better agreement over a broader range of concentrations is obtained 
by the use of equation (9) which involves the molecular weight of the 
solute. Figure 12 illustrates this case with the same solutions of nitro¬ 
cellulose in acetone that were used in the previous illustration. For these 
calculations, a value of Ma - 0.5 = 23,250, obtained by multiplying the num¬ 
ber-average by three-halves, was used. The number-average molecular 
weight of the nitrocellulose was determined to be 15,500 by the osmotic 
pressure method. The agreement obtained in this study by the use of 
equation (9) is considerably better than that shown by the use of (25), 


Figure 12. Dependence on molecular 
weight. Half-second nitrocellulose in 
acetone at 20°C. Viscosities of high- 
polymer solutions rectified according to 
(1) linear rule, (2) square-root rule, 
(3) logarithmic-decrement rule. 



since values from zero to 35 per cent solids are rectified by the former, 
whereas only values from 1 to 20 per cent solids are rectified by the latter 
equation. Comparison is also made in Figure 12 of the logarithmic- 
decrement rule [equation (9)] with the linear and with the square-root 
rules. The greater range of usefulness of the former rule is quite ap¬ 
parent in this illustration. Of particular interest is the fact that the 
logarithmic-decrement rule, equation (9), rectifies the data at very low 
concentrations as well as through the intermediate to higher concentra¬ 
tions. In spite of this excellent conformity, it must be remembered that 
the logarithmic-decrement rule is not an exact function. It is only a good 
approximation and its use to extrapolate values beyond the limits of the 
data should not be attempted. Thus, in the case of the study of acetone 
solutions of nitrocellulose referred to above, deviations from the straight 
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line of Figure 12 are considerable at 40 per cent solids and become as 
great as 18.5 per cent at 50 per cent solids. 
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Catalysts that are active in a heterogeneous system are often colloidal 
substances. The dispersion of solid substances or a cold working (Kalt- 
beai’beitiitig) of them as, for example, the damaging of their surface by 
chipping, gives them specific structural properties. In these conditions 
the space positions of several atoms or ions undergo a change, and as a 
result the distance between them is not normal everywhere. The conse¬ 
quence is that their outermost electronic layer undergoes important 
changes, so that partially there can be formed free radicals or radical-like 
structures. 1 The degree of freedom of the radicals in a solid is small and 
therefore their life-period is very long. 


Free Radicals in Catalysts 

Free radicals, which can be dealt with as active centers 2 on the surface 
of the catalyst, enter easily into chemical reaction with other molecules 
because their outermost electronic layer is incomplete. They can exist 
in all active transitory phases that possess space-lattices with certain de¬ 
fects or disturbances. To the same type of phases belong ferromagnetic * 
compounds, 1 * 3 especially amorphous substances, because their molecules 
can exist in a state of a particular disorganization. The existence of 
radicals in active transitory phases 4 is affirmed by the following facts: 
(1) In different compounds, as e.g., in hydroxides and oxides of metals, 
especially those of heavy metals, the existence of the covalent (homo- 
polar) bond should be accepted. 5 (2) Transitory phases, that is substances 
with space-lattice disturbances ( Gitterstdrung ) have abundant energy. 6 
(3) Transitory phases often show a considerable increase of paramag¬ 
netism. 7 The magnetic sensitiveness (susceptibility) diminishes with the 

* See paper by L. J. E. Hofer, page 113 of this volume. 
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formation of normal space-lattice and disappearance of radical structure, 
e.g., at higher temperatures. 

Thus, strongly heated, well-crystallized a-Fe 2 0 3 (dark colored with a 
violet shade) has no or very slight catalyst activity, whereas colloidally 
dispersed (radical) ferric oxide (red) possesses catalytic properties and 
decomposes hydrogen peroxide, for instance, just as the gels of ampho¬ 
teric metallic hydroxides, though not so strongly. The fragmentary struc¬ 
ture of a-Fe 2 0 3 can be represented as follows: 

0=Fe —O— Fe=0 0=Fe— O— —Fe=0 

Stable ferric oxide Radical ferric oxide 

[well crystallized; not active] [colloidally dispersed (transi¬ 

tory phase); good catalyst] 

The radical 0=Fe— activates hydrogen peroxide, and as a result, the 

radical HO appears and forms an uninterrupted chain of catalytic 
reactions: 


0=Fe— + H 2 0 2 -» 0=Fe—OH + HO 

HO + H 2 O 2 -» H 2 0 + H0 2 

HO, + H 2 O 2 -> H 2 0 4- 0 2 + HO 

Following this conception, a series of other catalytic reactions have been 
elaborated, among others the synthesis of methanol and the method of 
Fischer-Tropsch. 1 Generally speaking, the catalyst, K, which has a suit¬ 
able radical structure, causes the orientation and deformation of the 
molecules, A and B (which have to react) and changes them into radicals 
(f) or radical-like structures; this makes the chemical reaction between 
them possible. 1 

K +A - >KA +B - >KAB - > K [A B] - > K + [AB] 

The reaction is accompanied by a genuine electronic resonance which 
regulates the catalytic phenomena as in a pendulum-like motion. The 
reaction is interrupted if the radical catalyst forms a stable compound 
with a certain substance acting as a “poison,” which blocks up the active 
centers (radicals) of the catalyst. 


The Composite Catalyst Surface 

An important influence on the activity of catalysts is exerted by ac¬ 
tivators or promotors which are already active in minimal quantities. 
In 1939 we stated that cupric hydroxide in a quantity corresponding to 
0.001 mg Cu strongly accelerates the peroxidatic activity of orthoferric 
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hydroxide in oxidization of formic acid by means of hydrogen peroxide 
at 37°C. 8 In this case there appears a complicated oxidation-reduction 
system acting on the basis of multi-levelled step (graduated) catalysis. 
Such a system possesses a relatively small energy of activation and is 
similar to the natural respiratory system, where instead of hydrogen 
peroxide, oxygen is the final acceptor. 9 Traces of cupric hydroxide act 
still more distinctly in the reaction of peroxidatic oxidation (decoloration) 
of the juice of red beets. Even as little as 10“ 9 mg Cu together with ferric 
hydroxide accelerate this reaction at 37 °C, in such dilution as 1:50 
billions- 10 The traces of copper, mentioned above, do not act by them¬ 
selves but only when accompanied by ferric hydroxide, which serves as a 
suitable colloidal carrier. Mixed inorganic catalysts, having a suitable 
structure, are not inferior in their activity to natural ferments. In fact, 
there is an artificial inorganic ferment surpassing natural catalase in 
activity. Iron present in this ferment is especially active. As little as 
10” T mg Fe (as ferric hydroxide) has a positive influence on the decom¬ 
position of hydrogen peroxide at 37°C, under the condition that the 
trace of ferric hydroxide is accompanied by a suitable carrier composed 
of the gel of cupric and cobaltous hydroxides. 10 The above-mentioned 
quantity of iron is found in 1 mg of the superferment and corresponds 
approximately to the amount of iron in natural live tissue. A structure 
similar to that of the natural ferments is also found in other inorganic 
catalysts composed of the gels of various amphoteric metallic hydroxides 
and of ions of various metals adsorbed on them. These ions should be 
looked upon as a prosthetic group and the gels as carriers or apoferments. 

This combination acts well if the several components are present in a 
well chosen unit. The carrier or ions by themselves act very slightly or 
do not show any catalytic properties at all; but together they can form 
very good catalysts, possessing specific and selective properties which can 
influence the direction of the catalytic reaction. 

The Mn ++ ion (10~ G g) on the carrier Mg(OH) 2 (gel) accelerates the 
catalytic decomposition of hydrogen peroxide at 37°C, but checks the 
peroxidatic oxidation (decoloration) of indigocarmine. The Cu ++ ion be¬ 
haves reversely. The influence of trace elements often depends upon their 
concentration, and sets of ions can cause a positive superadditive activity 
in some cases, but in other cases there may be a distinct ionic antagonism. 
The Sr ++ ions (10 -2 g) on the carrier Bi(OH) s (gel) check the catalytic 
decomposition of hydrogen peroxide slightly, but in the concentration 
1(H g they accelerate this reaction. The most advantageous in this case 
is the ionic group: Sr ++ (10~ 7 g)+Cu ++ (KH g). Even the Na + ions act cata- 
lytically, but only if they are on the carrier Zn(OH) 2 (gel) and accom¬ 
panied by the ions Cu ++ and Co ++ . The Co ++ ions (10- 6 g) on the carrier 
Al(OH) 3 (gel), which accelerate strongly the peroxidatic oxidization of 
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indigocarmine, are paralyzed in their activity by the U0 2 ++ ions (1(H g). 
The above-quoted examples show that the sociology of chemical elements 
is of great importance for catalytic phenomena. 

The inorganic ferments of the type of catalase and peroxidase are very 
common among inorganic compounds (e.g. amphoteric hydroxides) and 
useful materials (glass, cement, bricks, coal, chemical fertilizers, and even 
minerals). 11 Some of them can facilitate the oxidation of pyrogallol, 
benzidine, various dyes and many organic acids (even acetic acid) at room 
temperature. 9 * 10 The benzidine reaction is also obtained by various 
metals, e.g. metallic platinum (best if roughened), which causes this reac¬ 
tion [in a slightly acidic medium (O.IN CH 3 COOH)] almost as well as 
blood. The reaction can be “poisoned” by traces of As 2 O s (0.02 mg) or 
KCN (0.003 mg) and NaF (28 mg). Still more sensitive to “poisons” in 
the benzidine reaction is palladium—0.00002 mg KCN are sufficient. 12 
But sometimes traces of “poisons” can improve the catalytic ability of the 
catalyst. A certain colloidal mixed catalyst composed of y-FeOOH-j-CuO 
(0.2250 g) acts better in the peroxidatic oxidation of formic acid after the 
addition of 2.5.10* 5 mg As«O s ; a greater amount of As 2 0 3 (25 mg) para¬ 
lyzes its activity. 13 

There are also inorganic oxidases transporting molecular oxygen on to 
several organic and inorganic compounds. 10 The gel of cobaltous hy¬ 
droxide (10" e g) is a good catalyst in the oxidization of indefinite quan¬ 
tities of Na 2 S0 3 with oxygen of the air at 20° C. The Co ++ ion is not 
active in this case. The advantageous activity of Co(OH) 2 can be greatly 
increased in an alkaline medium. Probably the activity of radical-like 
hydrogen atoms which are present in the active OH-groups of cobaltous 
hydroxide can be greatly increased under the influence of OH- ions. As a 
result, the molecule of oxygen drawn into the effective sphere of active 
hydrogen atoms becomes active too. In this case free radicals can appear: 

yrO —H yO ... H ... OH- 

Co +20H--► Co 

\o—H \o ... H ... OH- 

yO . . .H yO...H yO H 

Co + 0 2 -*Co OO + 2Na2SO„ -► 2Na 2 S0 4 + Co 

\>...H \>...H \d ... H 

The gel of Ni(OH) s acts like Co(OH) 2 . When in its presence the oxidi¬ 
zation of sodium sulfite becomes complete, Ni(OH) 2 also becomes oxidized 
because of the inductive action of Na.S0 3 , and a black compound of 
trivalent nickel appears. Under the influence of a surplus of Na 2 SO s 
(and also of H,0 2 ), the black compound again changes into the green 
Ni(OH) 2 . 10 
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The catalytic oxidation of arsenic with oxygen of the air can be per¬ 
formed at pH 10 in the presence of Cu(OH) 2 gel as catalyst. Cupric 
hydroxide can be greatly activated by the addition of other amphoteric 
hydroxides. 10 The gel of orthoferric hydroxide by itself, or in combina¬ 
tion with various activators, does not act catalytically in the above- 
mentioned reaction. Most probably its active hydrogen atoms do not 
possess a sufficient degree of activation as in the case of cupric hydroxide. 
Ferric hydroxide alone strongly sorbs As 2 O a , which blocks the radical 
centers on its surface, forming stable complex compounds. The Fe(OH) 2 
gel is a good inductor in this reaction (not a catalyst), acting by a primary 
impulse. 14 The gel of ferric hydroxide is a good carrier for the Fe+++ and 
Ni ++ ions in the reaction of oxidation of indigocarmine by means of 
oxygen of the air at 20°C. 10 

Colloidal carriers have a decisive influence on the structure of the 
catalyst, conferring upon the adsorbed ions 15 catalytic properties that 
they generally do not possess in aqueous solutions (except certain hydro¬ 
lyzed salts). 16 This is contrary to expectation, for dilutions and also the 
velocity of the ions are greater in aqueous solution than in the adsorbed 
state on the surface of the carrier. The contradiction can be explained 
by the fact that during adsorption the ions become rapidly “imprisoned" 
on the carrier as a result of the formation of an electrostatic field, and 
their inevitable and strong deformation follows under the influence of 
individual chemical units of which the gel-carrier is built. There can 
thus be formed basic salts possessing a structure in a state of formation, 
otherwise a radical-like structure or a structure of “faint chemical com¬ 
pounds" or Quasimolekiile . 17 Artificial charcoal (charcoal from blood, 
sugar, etc.), with various additions, belongs to this type of catalyst. 18 
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Introduction 

The fundamental processes involved in chromatographic analysis have 
their counterpart in many natural phenomena. For example, when rain 
soaks the ground, salts and other diffusable substances tend to become 
sorted out in the vertical profile of the soil. It has long been known that 
certain porous substances, such as the diatomaceous earths, charcoal, 
alumina, etc., are able to take up large amounts of foreign substances 
both from gases and solutions. The adsorption of gases on charcoal was 
described by Scheele as early as 1773. In 1785 Lowitz found that charcoal 
took the coloring matter out of solutions, and at the end of the eighteenth 
century the adsorption method achieved its first great industrial applica¬ 
tion in the purification of sugar. One of the first to experiment in isolat¬ 
ing delicate substances from complicated mixtures was Danilewski, who 
in 1862 succeeded in separating amylase from trypsin in pancreatic juice 
by means of adsorption on freshly precipitated collodion. 

Probably the first use of these phenomena for analytical purposes can 
be credited to Schonbein, 104 ' 105 who in 1861 proposed the use of starch- 
potassium iodide paper for the detection of ozone, although lead-acetate 
paper for detecting hydrogen sulfide had been described in textbooks as 
early as 1850. c ^ 29 Schonbein also realized that selective adsorption of the 
solutes in a solution was taking place at the different heights to which 
they rose when a strip of filter paper was dipped into the solution. It was 
Goppelsroeder, however, a pupil of Schonbein, who deliberately took ad¬ 
vantage of this selective adsorption and devised a method of capillary 
analysis with which he claimed the detection of lO -11 gram of methylene 
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blue in 1 cc. of solution. Goppelsroeder’s first papers were published in 
1861 and 1862, 52 * 53 and in 1901 a complete monograph appeared. 34 Ac¬ 
cording to this method, one end of strips of adsorptive paper (Schleicher 
and Schuell No. 598) is placed in a solution of the pigments or other 
materials to be resolved. As. the liquid is drawn into the filter paper by 
capillary forces, the substances in solution gradually separate from one 
another, forming a series of bands. The rate of flow of the solvent into 
the paper strips can be increased by hanging the strips over the edge of 
a vessel containing the solution of the mixture. To some extent, the 
bands may be separated from one another by placing the strips in a por¬ 
tion of the fresh solvent after some of the solution has been adsorbed. 
Goppelsroeder applied his capillary analysis method to the investigation 
of alkaloids, oils, petroleums, beverages, foods, urine and bile, dyes and 
to the study of a series of homologous compounds. These studies are ably 
reviewed by Reinboldt. 95 Because the preparation of materials in quan¬ 
tity is virtually impossible, the method of “capillary analysis” per se has 
found little use in biochemistry, but has been employed extensively by 
dye chemists following the work of Alexander 2 and others. However, 
Cochran 30 in 1947 used this method to separate virus proteins from other 
proteins in plants. 

Chromatographic analysis on columns might well be considered the 
invention of a single individual, Tswett, although he was possibly in¬ 
fluenced by the work of Goppelsroeder since he cites this work in his 
earliest papers. Tswett described the fundamental principles and tech¬ 
niques of chromatography in a remarkable paper in 1906, 126 and his 
concept of the principles upon which resolution of similar compounds 
on a column is based, has remained essentially unchanged. In fact, he 
stated: “It is self evident that the adsorption phenomena described are 
not restricted to the chlorophyll pigments (with which he made his orig¬ 
inal observations) and one must assume that all kinds of colored and 
colorless compounds are subject to the same laws.” 

As with many great discoveries, the significance of Tswett’s observa¬ 
tions was not immediately understood and further significant develop¬ 
ments and applications for the next 25 years were few. In the United 
States, Palmer was probably one of the first to carry out extensive sys¬ 
tematic studies and to realize the importance of the method. 88 It was not 
until 1931, when Kuhn, Winterstein and Lederer 85 ’ 66 resolved plant 
carotene into several components, that chromatographic analysis came 
into its own. Since that time probably more than a thousand papers have 
appeared. The multitude of data has been surveyed in recent mono¬ 
graphs. 21 ' 72 > 1U ' 112 * 141 

In comparison with the great importance of the chromatographic 
method, it is rather striking how little we know about its theoretical 
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background. The chromatographic method is still essentially empirical 
in character. There are almost no guiding principles of theory to as¬ 
sist in the selection of solvents, adsorbents, or eluents, if the mixture 
has no apparent points of analogy with mixtures studied by other 
investigators. Theoretical analysis of the procedures of chromatog¬ 
raphy, 20 * 27 * 36 * 42 * 61 ’ 68 ’ 77 * 79 * 97 ’ 11S > 128 » 132 appears to give qualitative rather 
than quantitative correlation between deduction and experiment. 
Clarke, 29 discussing selective adsorption and differential diffusion, con¬ 
cludes “. . . developments are retarded by the fact that each is a prob¬ 
lem in laboratory manipulation. Some problems cannot always be solved 
by systematic attack, but must await something akin to inspiration.” 

Chromatographic analysis is usually carried out by perfusing a mixture 
of solutes through a column of finely divided adsorbent. If separation 
takes place, the solutes exist as distinct bands on the column, and in the 
case of colored compounds, the bands are easily recognized. If fresh sol¬ 
vent is applied to the column, the bands advance at different rates and 
separation of the bands is increased. At this point, the adsorbent may be 
extruded from the column, sectioned, and the several bands extracted 
individually. Alternatively, perfusion of the intact column may be con¬ 
tinued with the same or different solvents until each band is washed out 
of the column and collected separately. The latter technique has been 
called a liquid chromatogram or elution analysis. New terminology and 
modified methodology have been introduced by Tiselius. 119 * 120 Thus, the 
method of frontal analysis consists of the passage of a solution of solutes 
A, B, C, D, etc., through an adsorbent column until the column becomes 
saturated and the effluent solution contains the original mixture. The 
concentration or refractive-index record of the effluent shows a series of 
increasing steps, the first step consisting of solute A , the least adsorbed, 
the second step consisting of A+B, the third step of A+B + C, etc. An¬ 
other method of analysis Tiselius called displacement development - In 
this method, a small amount of the mixture is placed on top of the 
column, following which a very strongly adsorbed substance is used to 
push the original mixture off the column. Under these conditions, A is 
followed immediately by B, then by C, etc., until finally the strongly 
adsorbed developer appears. 

When the components of the mixture are colored, recognition of the 
separation is relatively simple. However, with amino acids and other 
colorless substances, special procedures must be used. Thus, the effluent 
from the chromatogram may be collected in fractions, each of which is 
then analyzed by conventional methods. Colored derivatives of amino 
acids, such as the dinitrophenyl amino acids 1 * 100 or the copper salts, 15 
have proved valuable. Karrer, Keller, and Szony 62 converted amino acids 
to colored acyl compounds with N-p-pheny 1-azo-benzoyl chloride, while 
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the writers have used 3,5-dinitrobenzoyl chloride for the same purpose. 
Schramm and Primosigh 100 ’ 107 have recommended several methods for 
making the adsorption of amino acids visible by forming colored com¬ 
pounds on the column by washing with a dilute solution of copper ace¬ 
tate. Gordon, Martin, and Synge 59 have chromatographed acetyl amino 
acids on columns impregnated with acid-base indicators. The amino acid 
may also be transformed into a radioactive derivative. 19 * 39 * 46 * 6S - 109 Polar- 
ographic and enzymatic reactions 61 » 75 may also be applied to collected 
fractions as well as spectrophotometric and bacteriological methods. 135 
Successive arbitrary portions of the percolate or effluent may be collected 
and analyzed gravimetrically, 27 volumetrically, 15 * 94 * 108 or by specific 
amino-acid reactions done on a spot-test scale. 19 * 40 * 43> 82 » 84 > 108 Claesson 28 
has suggested the use of total reflection on a thick glass plate for the de¬ 
tection of invisible zone boundaries. Phillips 90 found that ce-amino acids 
and peptides can be detected on filter paper through their fluorescence 
by exposure to ultraviolet light; and we have used this technique with 
great success. In the laboratories of Tiselius, Claesson 27 * 121 has devel¬ 
oped elegant methods for the continuous refractometric or interfero¬ 
metric analysis of the effluent solution as it emerges from the column. In 
addition a number of automatic fraction collectors have been de¬ 
scribed. 18 - 94 - 108 

Wieland, 129 in 1943, reviewed the chromatographic separations of 
amino acids under three headings; (1) partition, (2) adsorption, and (3) 
exchange. Chromatographic separations may be considered in terms of 
repeated partition of the solute between two immiscible phases, i.e., a 
counter-current separation. In most forms of counter-current operation, 
both phases are liquid, and the very small drops required for maximum 
efficiency cannot be used owing to the difficulty of preventing movement 
in the wrong direction. However, in true partition chromatography, one 
of the phases is firmly held on an inert support over which the second 
immiscible phase is allowed to percolate. This is in effect a liquid-liquid 
extraction process, a liquid-liquid chromatogram. The second type of 
chromatographic separation depends on true adsorption in the sense that 
Tswett used it. In the third type of chromatographic separations employ¬ 
ing the zeolites or synthetic ion-exchange resins, resolution is obtained 
primarily by the charge of the molecule and to a much smaller extent by 
adsorption, mutual solubility, etc. 

The above division of the processes involved in chromatographic sepa¬ 
ration is somewhat arbitrary and does not hold up when examined care¬ 
fully but will be maintained at the moment for simplification of further 
discussion. It has been pointed out by Block 8 that molecular adsorption 
per se plays an important role with synthetic exchange resins, and Mayer, 
et al 79 have considered ion-exchange columns to be analogous to the frac- 
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tional distillation or extraction column. Kolthoff has pointed out that 
paper shows ion-exchange reactions with water as a solvent. 112 Freund- 
lich 49 also has stated that adsorption on cellulose is a pure ion-exchange 
reaction, and concluded that it is not the cellulose itself but rather the 
impurities like calcium salts that determine adsorption. Recent workers 
have indicated that with starch 8S or cellulose 28 * 122 - 123 processes other 
than partition between liquids are taking place. Finally, Austerweil 4 has 
suggested that ion-exchange on synthetic ion-exchange resins may be con¬ 
sidered a type of partition chromatography. 


Developments in Partition Chromatography 

Neuberger 87 observed that certain acyl amino acids were extractable 
from aqueous solutions by chloroform. This observation was used by 
Synge 113 in 1939, who determined the partition coefficients of a number 
of acetamino acids between water and water-immiscible solvents such as 
chloroform, ethyl acetate, etc. As a result of these experiments, it seemed 
that although the partition coefficients of the acetamino acids were quite 
similar, separation of one from the other might be accomplished if the 
distribution between the two phases was repeated often enough in an¬ 
alogy with continuous fractional distillation. Martin and Synge 76 there¬ 
fore designed an elaborate system of tubes, each tube functioning 
similarly to a separatory funnel, the ultimate effect of which was the 
extraction of the acetamino acid from water into chloroform, then from 
chloroform into fresh water. They constructed a 40-unit counter-current 
liquid-liquid extraction train which was capable of separating the acetyl 
derivatives of methionine, valine, proline, the leucines and phenylalanine 
from each other and from the other amino acids of a protein hydrolyzate. 
This fractionation train, however, was difficult to construct and to op¬ 
erate, a fact which may have led to the discovery of a new modification 
of Goppelsroeder’s capillary analysis method, called paper partition 
chromatography. 

The counter-current fractionation method between immiscible liquids, 
however, has been extensively developed by Craig and his co-work¬ 
ers. 6 ’ 36, eo, 131 They succeeded in developing means by which many quan¬ 
titative extractions can be done rapidly in sequence, and where each 
step would conform exactly to a term of a binomial expansion. Many 
substances give a sufficiently constant partition ratio, so that exact mathe¬ 
matical interpretation is possible. Recently, 37 Craig et al . have reported 
the development of a glass apparatus which permits several hundred 
separate extractions to be made in sequence in an almost completely 
automatic apparatus and its preliminary use in the analysis of amino-acid 
mixtures is indicated. 
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Martin and Synge , 77 before the development of the Craig apparatus, 
proceeded on a different line of investigation. They made one phase of 
the counter-current system immovable by using a mechanical support, 
such as silica gel, to hold the water, and allowed a second immiscible 
phase to flow unidirectionally through the water-saturated silica gel. This 
then is a chromatogram where the separation of components, in theory, 
depends on the partition between two liquid phases, and not, as in pre¬ 
vious chromatograms on differences in adsorption between liquid and 
solid phases. The potentialities of this type of chromatogram was soon 
realized and, as is well-known, Catch, Cook and Heilbron 22 shortly 
thereafter applied silica-gel columns to the separation and purification of 
the penicillins. 

Silica-Gol Method. The silica-gel method has been successfully applied 
for the separation of a number of the acetylated monoamino acids by 
Martin and Synge , 77 Gordon et 59 Tristram, 124 * 125 and others. 

Unfortunately, the preparation of a uniform and satisfactory silica gel 
is difficult. The silica gel should function only as a support for the aque¬ 
ous phase and should not have adsorbent powers of its own. The direc¬ 
tions given by Martin and Synge 77 and by Gordon et al.™ do not seem 
to be universally applicable, and considerable experimentation often 
must be undertaken before a suitable preparation is obtained. 

In practice, separations achieved are not as good as the- 
ory 27 ' 36 ’ 68 ’ 7a> 77 ’ 97 would predict. First, the partition coefficient is rarely 
constant, usually decreasing as the solution becomes stronger. This re¬ 
sults in the front of the band becoming steeper, and the back flatter. 
At the same time the whole band becomes wider, since the concentrated 
part moves faster than the dilute portion. On the other hand, an oppos¬ 
ing effect may take place at the same time; the more strongly adsorbed 
solute may replace the less strongly adsorbed one (displacement develop¬ 
ment), thus tending to sharpen the boundary between the two. In addi¬ 
tion, the greater the deviation from a high degree of uniformity of flow 
throughout the column, the poorer will be the separation. 

Paper Chromatography 

As a result of the successful separation of certain of the acetylated 
amino acids on these silica-gel columns, Gordon, Martin, and Synge 58 
attempted to separate free amino acids by this means. They found it 
impractical owing to the adsorption of the amino acids by the silica gel. 
However, good separations were obtained by using cellulose, in the form 
of strips of filter paper, as the mechanical support for the aqueous phase. 
This development has been called paper partition chromatography, par- 
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tition chromatography, paper chromatogram, papergram, etc. Partition 
chromatography with paper opened up new vistas for research in many 
fields, using a technique requiring vanishingly small amounts of mate¬ 
rial and only simple, cheap, and readily available equipment. 

The method of Gordon, Martin, and Synge 55 - 58 is based upon the 
principles outlined above for the silica-gel columns, except that filter 
paper is used as the support for the aqueous phase. In practice, the strip 
or sheet of filter paper is dipped into a trough containing a water-satu¬ 
rated solution of the developing solvent and the wet solvent is allowed 
to flow past a spot containing the substances to be chromatographed, 
which has been applied to the paper previously with a micropipette (i.e., 
development). Capillarity of the paper pulls the wet solvent from the 
trough as in the method of capillary analysis (i.e., frontal analysis). The 
whole operation is carried out in an enclosed space in order to keep the 
atmosphere saturated with respect to water and the organic solvent. 

This method is on the whole very similar to that described by Schon- 
bein 1<J4 > 105 and Goppelsroeder , 5 -- 54 except for one important difference. 
The capillary analysis technique was essentially frontal analysis as the 
mixture was allowed to run up the paper. The paper chromatograms of 
Gordon, Martin, and Synge are, in essence, elution analyses or displace¬ 
ment development combined with partition chromatography. It should 
be recalled, however, that one of the modifications of capillary analysis 
consisted of preliminary separation of the components in solution on the 
paper strip, followed by further separation using a pure solvent of a dif¬ 
ferent type. 

The paper partition chromatogram method was described in detail by 
Consden, Gordon and Martin . 31 They reported that, although solvents 
completely miscible with water can be used, sharper separations are ob¬ 
tained with immiscible solvents saturated with water. However, we, as 
well as other investigators, have found that completely miscible solutions 
can be used with equal success. Because of the marked effects of tempera¬ 
ture on the solubility of organic solvents in water, the absolute rate of 
movement of the amino acid with respect to the flow of solvent will vary 
with the temperature, i.e., the higher the concentration of water, the 
farther the travel of each amino acid. However, the distance traveled by 
each amino acid with respect to the others remains remarkably constant 
over a rather wide temperature change, i.e., although the absolute par¬ 
tition coefficients may be greatly changed, the ratios of the partition co¬ 
efficients of the respective amino acids are almost unaltered. 

R F Values. The distance traveled by any amino acid on the paper 
chromatogram is a constant percentage of the distance moved by the 
advancing front, i.e.. 
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distance traveled by amino acid 
distance traveled by solvent 

Phillips 91 has described a very simple yet elegant method for the rapid 
measurement of R F values, which uses an elastic band divided into 100 
units. The 100-mark is put on the solvent front and the R F value for each 
amino acid is then read off. 

The R f value is a numerical expression which is very constant for each 
solute under uniform experimental conditions, i.e., type of paper, tem¬ 
perature, solvent system, and to a lesser extent solute concentration. 
Consden, et al* 1 identity the amino acid by its R F value, but our own 
experience suggests that greater reliance should be placed on simultane¬ 
ous controls. Dent 40 has published the R F map of some sixty amino 
acids or ninhydrin-reacting substances. 

The R F values for amino acids vary considerably, depending on the 
type of filter paper used, and in fact vary somewhat from batch to batch 
of paper. Although the order of magnitude of the values is the same with 
various papers, there are significant variations in both the absolute and 
relative amounts which require making new standards with each type 
of filter paper used. Thus, different papers may be particularly suited 
for certain special types of procedures. 10 

One- and Two-Dimensional Chromatograms. The relative positions of 
each amino acid on the finished chromatogram will depend on the sol¬ 
vent system used. Development of the chromatogram in one direction is 
called a one-dimensional chromatogram. However, if after the develop¬ 
ment in one direction, with one solvent system, the solvent is removed 
and the paper is rotated through 90 degrees and another solvent system 
is allowed to run at right angles to the original direction, than a two- 
dimensional chromatogram is produced where the amino acids are dis¬ 
tributed throughout the sheet, in a specific pattern rather than in only 
one dimension. Liesegang 00 briefly described this method and called it 
cross capillary analysis . In columns, a comparable separation of solutes 
can only be achieved by the transfer of various sections of the adsorbent 
column or fractions of the eluate to a fresh column and rechromatograph¬ 
ing with a new solvent system. The two-dimensional chromatogram thus 
shows a great advantage over any other chromatographic system and the 
need for such a technique has been ably shown graphically by Dent 40 in 
Figure 1. The four circles, A, B, C, and D } represent hypothetical amino 
acids after a two-dimensional run. One-dimensional chromatograms, run 
with solvents in the same directions as on the square, are shown below 
and to the side respectively. In such a case the two-dimensional run would 
readily resolve a mixture containing some or all of A, B, C, and D . How¬ 
ever, the two one-dimensional runs would show no difference between 
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mixtures of A , D; B , C; A, C, B; A, B, D; C , B, D; and A, B , C, D—all 
would show only two spots on either of the one-dimensional runs. 

Variations in Method. There are several excellent reviews on the meth¬ 
ods and scope of paper chromatography, 40 * 72 * 74 * 78 to which justice cannot 
be done here. The experimental modifications of the method of Consden 
et a/. 31 are probably legion, since it seems that practically every investi¬ 
gator entering this field has added innovations, although the majority 
of these seem to have been anticipated by Goppelsroeder. 52 - 54 The orig¬ 
inal method of Consden, et aL , 31 » 32 » 39 called descending chromatog¬ 
raphy, is described as follows: A strip of filter paper containing the amino 
acids to be chromatographed near the top of the sheet, is allowed to hang 


Figure 1. Diagram of paper chromatograms 
drawn to illustrate the phenomenon of double 
overlapping. (After Dent. 60 ) 



O_O 


from a trough containing the solvent, and the whole is enclosed in a 
chamber so that the atmosphere remains saturated with water and the 
solvent vapor. The solvent is drawn up the paper a short distance by 
capillarity and then siphons down the suspended strip of paper. Cons¬ 
den 81 used a glass-lined lead box 76x76x13 cm, made tight with a 
well-fitting lead lid, for his two-dimensional chromatograms. Dent 39 used 
a large glass and wood box of approximately the same dimensions. 

Williams and Kirby 130 have reintroduced Schoenbein's and Goppels- 
roeder's method wherein the solvent is allowed to ascend by capillary 
action. Their apparatus consists of 6-gallon earthenware jars fitted with 
a glass cover, with the area of contact between jar and cover ground to 
fit. A dish is filled with solvent and placed in the bottom of the jar. The 
filter paper (18 x 11*4 in), after the sample has been added along one 
edge or one comer, is rolled to form a cylinder, and the edges of the 
paper are stapled together. The paper cylinder stands unsupported. This 
apparatus limits the size of two-dimensional chromatograms to somewhat 
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less than 11x11 inches. The crocks are heavy, porous and retain solvent. 
Wolfson, et al 1S7 have described a somewhat more convenient apparatus 
for ascending chromatography. Their apparatus consists of a 20-gallon 
stainless steel tank of 16 x 24-in inside dimensions, fitted with a heavy 
glass disc cover and a rubber gasket. The seal is sufficiently tight so that 
runs may be made under reduced or increased pressure as in the older 
capillary analysis methods. 95 Twenty-three-inch square sheets may be used 
in this tank for two-dimensional chromatography, but bending or crum¬ 
pling of the sheets will occur unless they are rolled into cylinders, stapled, 
and taped over a double j thickness fold. 

For some time 9 we have been using rectangular glass aquaria, which 
may be purchased at any pet shop. Aquaria, 52 cm long by 32 cm high by 
26 cm wide have been used. The lower portion of the sides and all the 
joints are covered by a layer of paraffin. Two glass rods, running the 
length of the chamber, are sealed with paraffin to the sides of the cham¬ 
ber about 5 cm out and 2 to 3 cm from the top, and a third rod is 
sealed half-way between these two and also 2 to 3 cm from the top. Glass 
troughs are made by sealing the ends of 2-in pyrex tubing and cutting 
longitudinally down the middle. The chamber is covered by a heavy glass 
plate and pressed down with a lead weight to make a seal. In operation, 
three sheets of filter paper 17 to 19-in wide, or smaller, by 19 to 22-in 
long are cut, the unknown solution applied as drops about 2.5 cm from 
the bottom of the sheet and 2 to 3 cm apart, and the wet spots air-dried. 
The troughs are filled with from 20 to 50 ml of developing reagent, de¬ 
pending on the type of filter paper, and the chamber is covered with 
the heavy glass plate. The solvents climb up the paper by capillary action 
(ascending chromatography), then past the support rod and down the 
other side (descending chromatography). The transparency of the cham¬ 
ber permits visualization of the progress of the solvent at all times and 
without disturbance. The atmosphere within the chamber can be replaced 
with illuminating gas, nitrogen, etc., as desired, and a beaker containing 
NH 4 OH, HCN, diethylamine, etc., may be placed in the central part of 
the chamber, if necessary. Excess solvent in the glass troughs serves to 
keep the atmosphere saturated with respect to the reagents and water. 

Three 19 x 22-inch sheets can be run in each chamber at the same time, 
i.e., sixty-six one-dimensional runs or three two-dimensional runs in each 
chamber. For two-dimensional runs, the unknown solution is put on the 
paper at a point 3 cm from each edge, and then carried through the 
procedure described above. 

The substance to be chromatographed should be put on the paper in 
as small a volume as convenient. We use 0.01 and 0.005 ml routinely. 
If large amounts of liquid have to be used, the liquid should be put 
on the paper with small drops, drying in between drops with a stream 
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of hot air, or an infrared bulb. Urbach 127 has described an arrangement 
for the deposition and simultaneous concentration of dilute solutions in 
paper partition chromatography. 

Many other modifications of the original method and apparatus have 
appeared in the literature. 70 ’ T1 » 81 » 95 » 98 * "» 110 ' 134 Types of filter paper 
which are usually employed are Whatman Nos. 1, 3, 4, 54; Schleicher and 
Schuell Nos. 507, 596, 598, 602, 604. 

Solvents. The number of water-saturated solvents that might be used 
is obviously very great. In our laboratory some 40 to 50 different solvent 
mixtures were tested and the following were found most generally useful 
for the separation of amino acids from protein hydrolyzates. 

(1) Water-saturated phenol in an atmosphere of coal gas, moistened 
NaCN and 0.3 per cent NH 3 is used for the separation of alanine, threo¬ 
nine, glycine, serine, cystine, glutamic, aspartic, and cysteic acids in one¬ 
dimensional chromatograms. As yet no substitute has been found that 
will work as well as the first solvent for two-dimensional resolutions. 
Mallinkrodt’s liquefied “Gilt label” product is most satisfactory and is 
used without purification. 

(2) 2,6-Lutidine: ethyl alcohol; water (55:20:25) in the presence of a 
little diethylamine is another useful reagent. The amino acids in this 
solvent have a considerably different distribution than with phenol and 
thus two-dimensional runs with phenol in one direction and the lutidine 
mixture in the other have proven of greatest value in general explora¬ 
tory work. Almost every amino acid can be separated on such a chromato¬ 
gram except for leucine from isoleucine. 

(3) Butanol-glacial acetic acid (10:1) in an atmosphere of 0.3 per cent 
NH 3 again shows a somewhat different distribution in the resolution of 
the faster-moving amino acids. With this mixture, the spots or bands are 
particularly sharp, and therefore the method is most useful for quanti¬ 
tative measurement or for cutting out. 

(4) sec.-Butanol: tert.-butanol-water (4:1:3) has the same general char¬ 
acteristics as the butanol-acetic acid mixture and, in addition, brings 
about separation of the slowest-moving components from the interme¬ 
diate moving amino acids. 

(5) Ethanol (77 per cent) shows a good general distribution of the 
amino acids throughout the chromatogram, is easily removed from the 
paper, and in particular separates histidine, hydroxyproline and proline 
very well when used in a two-dimensional chromatogram. Histidine and 
hydroxyproline sometimes overlap in some other solvent mixtures. 

(6) Pyridine (80 per cent) effects a group separation which can then 
be resolved with other solvents. 

(7) n-Butanol: benzyl alcohol (1:1) in an atmosphere of diethylamine 
effects a separation of amino acids that usually move as a group in other 
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solvents, i.e., leucine, isoleucine, valine, methionine and phenylalanine, 
and is used when confirmation of their presence is necessary. A mixture 
of isobutyric-isovaleric acids (1:1) has been reported by Edman 44 to be 
especially valuable for the separation of leucine and isoleucine. 

By judicious combination of the above solvents in two-dimensional 
chromatograms and with the help of specific tests for individual amino 
ac id s, all the usual amino acids can be identified in a mixture by paper 
chromatography. Figure 2 shows the expected location of twenty amino 
acids on a two-dimensional chromatogram as calculated from one-dimen- 



Rf % 


Figure 2. Two-dimensional amino add distribution. 


sional runs. Figure 3, with 80 per cent pyridine instead of the lutidine 
mixture, indicates somewhat better separation of all the amino acids ex¬ 
cept for the leucines, valine and methionine. In order to separate the 
latter group, the butanol-benzyl alcohol mixture in an atmosphere of 
diethylamine is used (Figure 4), An example of a two-dimensional chro¬ 
matogram of about 0.3 mg of hydrolyzed casein, run with lutidine mix¬ 
ture, then with phenol, is given in Figure 5. 

Spot Identification by Color Reactions. Wherever possible, absolute 
identification of a spot should not rest solely on the R p values. In our 
experience, the position of the spot relative to the other amino acids is 
most reliable. All the amino acids are revealed by spraying the dried 
paper with a solution of 0.1 per cent or 0.2 per cent of ninhydrin in 
butanol, isopropanol, etc. Proline gives a yellow spot, hydroxyproline 
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Figure 3. Two-dimensional amino acid distribution. 

an orange spot, but all others give blue, purple or reddish-purple spots. 
Dent 40 reports the detection of as little as 1 microgram of some amino 
acids on a two-dimensional chromatogram and warns against reliance on 
R f values for identification. 



Figure 4. Two-dimensional amino acid distribution. 
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As far as feasible, the identity of a spot should be confirmed by its 
movement in a variety of solvent mixtures and by the application of 
specific tests. During the course of years, a great many color reactions 
have been developed for certain amino acids. 10 * 80 A number of these 
have given satisfactory results when the developing solvents are removed 
from the paper. The following amino acids may be identified: 

(1) Arginine by the Sakaguchi test. The paper is sprayed with 0.1 per 
cent a-napthol in N NaOH followed by NaOCl (“Clorox”). 2 3 4 -* 

PHENOL 



Figure 5. Two-dimensional paper chromatogram of a casein 
hydrolyzate. 


(2) Histidine and tyrosine by the Pauly reaction. Freshly diazotized 
sulfanilamide in n-butanol is sprayed on the paper and then after 
5 minutes drying in air, the color is developed by spraying with 
saturated Na 2 C0 3 . 10 ' 13 No confusion is possible between the two 
amino acids since they have decidedly different R t , values in al¬ 
most all solvents. 

(3) Tryptophan. This amino acid is destroyed during acid hydrolysis 
and therefore the absence of a spot after acid treatment is indica¬ 
tive of its presence in an alkaline hydrolyzate. It may be detected 
by spraying the paper with 1 per cent of p-dimethylaminobenzal- 
dehyde in 5 per cent HC1. 10 

(4) Glycine gives a green color with ortho-phthalaldehyde. 10 - «»• *» 
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(5) Proline and hydroxy proline give an intense blue color after spray¬ 
ing with 0.2 per cent isatin in butanol-4 per cent glacial acetic acid 
on heating. 50 The hydroxyproline color is weaker and greenish and 
the other amino acids give faint pink colors. The two imino acids 
are usually well separated from each other on a chromatogram. 

(6) Sulfur amino acids. Cystine, cysteine, methionine , and some of their 
oxidized products and peptides may be recognized by their bleach¬ 
ing action when the paper is sprayed with a solution of platinic 
iodide (equal parts of 0.17 per cent PtCl 4 and 0.83 per cent Nal 
diluted with water (1:10). 32 ’ 133 Sulfur amino acids may also be 
detected by Feigl iodine-sodium azide reaction. 24 Cystine and 
cysteine are specifically detected by spraying the dried chromato¬ 
gram with the Winterstein-Folin uric acid reagent as modified by 
Block and Bolling. 10 

(7) Serine and threonine. These hydroxyamino acids liberate am¬ 
monia when treated with periodate. 10 Synge has suggested that, 
when Nessler’s reagent is added to solid periodic acid until the 
precipitate first formed is just dissolved, the resulting solution may 
be used to identify serine and threonine. 33 

The use of these specific tests aid greatly in confirming the identifica¬ 
tion of amino acids on paper. X-ray and electron-diffraction techniques 
on the residue of eluted spots are useful for amino-acid identification. 2 ® 

Quantitative Estimation of Amino Acids 

Since the introduction of the paper partition chromatogram, many at¬ 
tempts have been made to estimate quantitatively the separated amino 
acids. Poison et al ., 02 and Naftalin 80 extracted with acetone the color 
formed after ninhydrin spraying and determined the amount of sub¬ 
stance colorimetrically. The amino acids may also be extracted from the 
paper and determined colorimetrically 5 * 130 or polarographically. 01 - 75 

Several methods have been developed which do not require removing 
the amino acid from the paper. Poison et al . 02 successively diluted known 
and unknown solutions, and by comparing them, was able to estimate 
the amino-acid content. Fisher, Parsons, and Morrison 47 found that the 
area of the spot after ninhydrin spraying was linearly proportional to 
the log of the concentration. Block, 7 and then Bull 17 reported that if 
the transmission density through the paper along the chromatogram is 
plotted against the distance along the strips, then within a limited con¬ 
centration range, the area under the curve is a function of the concen¬ 
tration (Figures 6 and 7). Fosdick and Blackwell 48 have described a scan¬ 
ning instrument for quantitative one-dimensional chromatography based 
on the above principle and a continuous recording instrument is now in 
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construction in our laboratory. Block 1 also found that in two-dimen¬ 
sional chromatography the area of the spot times the maximum color 
density of the spot also shows a simple relationship to the concentration. 

The te chnicall y simplest procedure for the estimation of substances on 
one- and two-dime nsi onal paper chromatograms consists in determining 
the color density of each spot with an electronic densitometer. 7 

The concentration of each amino acid is proportional to its maximum 
color density and the quantity present on the chromatogram is calcu¬ 
lated from an ad hoc amino-acid mixture of known concentration; the 
procedure is carried out simultaneously with the unknown in the same 
chamber. 



Figure 6. Transmission-density curve; 0.1 mg hair hy- 
droiyzate. Developing solvent was water-saturated phenol 
plus NaCN and 0.3 per cent NHs. 


Keston, et a/. 03 have used paper chromatography to separate the p- iodo- 
phenyl sulfonyl (pipsyl) derivatives of amino acids containing radio¬ 
active I 131 . The quantity of each pipsylated amino acid may then be 
determined from the radioactivity of the isolated areas. Fink, el al ., 40 and 
Stepka, Benson, and Calvin 109 have estimated the number and quantity 
of radioactively labeled components from radioautographs of paper chro¬ 
matograms or by direct counting. 

Elsden and Synge 45 - 1,4 in 1944 reported that raw potato starch could 
be used in place of filter paper as the support for the aqueous phase in 
partition chromatography. Moore and Stein 8S “ 84 - 108 used this procedure 
for the quantitative separation of the amino acids in protein hydrolyzates 
by dividing the effluent into many small fractions of constant volume 
by means of an automatic fraction cutter. 108 The fractions are analyzed 
quantitatively with ninhydrin. 82 The data obtained permit the construe- 
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tion of effluent concentration curves from which the concentration of 
each component thus separated is calculated. 

Application of Paper Chromatography 

Paper chromatography and its modifications have resulted in the re¬ 
ported recognition of new amino acids, namely a , y-diaminobutyric acid 
in Aerosporin; 23 a-aminobutyric and possibly a-aminoheptylic acids from 



Figure 7. Transmission-density curve; 0.1 mg hair hy- 
drolyzate. Developing solvent was the lutidine mixture 
plus diethylamine. 

hydrolyzate of E coli , 02 and a-aminoadipic acid as a degradation product 
of lysine in guinea-pig homogenates, 11 It has also made possible the in¬ 
vestigation of the amino-acid content of proteins and peptides available 
only in small quantities, i.e., in the salivary glands of Drosophila , 0T in 
bacteriophage, 03 in tobacco mosaic virus, 04 in pollen, 3 in dental enamel 
and dentin, 12 in pathological urines, 38 ' 30 etc. It has been used to trace 
metabolic pathways in photosynthesis; 18 * 40 * 109 in various phases of 
growth in the mouse epidermis; 00 in the detection of free amino acids in 
various tissues; 5 - 41 and in the elucidation of structure in salmin, 11 - 125 
lycomarasin, 139 gramicidin, 35 - 101 - 115 - 117 insulin, 100 - 102 - 140 strepogenin, 138 
wool, 32 - 33 etc. 

For further information on partition and adsorption chromatography, 
the reader is referred to the reviews by Martin and Synge, 78 Tiselius, 121 
Nachod, 85 Strain, 112 Martin, 74 and others. 
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SUCCESSIVE LEVELS OF 
MATERIAL STRUCTURE 


Jerome Alexander 


The importance of considering all physical and mental phenomena 
against the background of the material structures involved, necessitates 
continual reference to the orders of structure existing in nature. In pur¬ 
suance of this notion, tables showing recognized levels of material struc¬ 
ture have appeared in three volumes of this series. 1 Table 1 in the 
present volume, in addition to outlining the latest available information 
regarding the various units, from subatomic particles to visible structures, 
adds two levels not before considered, namely, the social level , and the 
universal or astronomical level . 

Each of these new levels subsumes all that is contained in its lower 
levels, though naturally, new orders of facts and relationships emerge. 
The universal level is included rather for completeness of orientation; 
but it may be mentioned in passing that the distribution of matter in 
the universe is not quite as haphazard as might be thought from the 
random distribution of the stars we see on looking upward on a clear 
moonless night. 


The Astronomical Level 

Hubble (Mt. Wilson Observatory of the Carnegie Institution) com¬ 
pares our stellar system to a drifting swarm of bees; our sun with its 
relatively insignificant family of planets, being a fairly small star in the 
swarm. The faintest nebulae (i.e., clouds) studied up to now, appear to 
lie on the surface of a sphere (the visible region) roughly 600-million 
light years in diameter, a distance which will probably be extended by 
our newer telescopes. In the present “visible region” are scattered about 
100-million nebulae, averaging one-and-one-half-million light years apart, 
80-million times brighter than the sun and 800-million times greater in 
mass. Internebular matter is so small in amount that it does not appre- 
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ciably dim the most distant nebulae we see, and omitting this from 
consideration, the concentration of matter in the visible region is only 
about one gram per 10 30 cubic centimeters, roughly equivalent to one 
grain of sand in each volume of space as large as the earth. Such figures 
adequately express the insignificance of any man, and even of the earth, 
in terms of matter. The significance of mankind arises from mentality, 
the important emergent factor dominating the social level which we will 
now briefly consider. 


The Social Level 

The simplest living units show chemical and physical reaction to the 
milieu, and somewhat higher organisms begin to show tropisms, memory, 
and apparently purposeful responses. It is hard to say where, in the 
evolution of mentality, human reasoning power emerged; for mentality 
exists in and operates through physicochemical systems, so that what we 
term, respectively, physical and mental phenomena are not separated 
materially, though they are separated conceptually, that is, in the mind. 
Many animals lower in the taxonomic scale than apes, monkeys, dogs, 
and elephants show mental traits which men consider socially desirable, 
while some men show their animal origin by exhibiting traits regarded 
as socially undesirable. With the advent of the human mind and reason¬ 
ing, men slowly acquired the ability of utilizing and directing the opera¬ 
tion of natural laws, and of adapting their consequences to human choice, 
with increasing success. There thus arose an entirely new set of human 
wants, those of the mind, spirit, soul (the exact word is unimportant), 
which are involved in what we call human relations (e.g., individuality, 
affection, love, honor, and respect), and are expressed in philosophy, art, 
music, literature, etc. These spiritual realities cannot be appraised or 
measured by any known physical or chemical units, # even though meas¬ 
urements can be made in some of the accompanying physical and chem¬ 
ical mechanisms. To say that these measured changes are thought, brings 
no understanding of the problem which remains as mysterious as ever, 
despite the unwillingness of some people to admit that there are some 
things which they cannot explain. 

In emerging from the law of the jungle, of tooth and claw, men in 
their upward and onward advance have striven to establish and enforce 
rules, regulations and laws, which, in the interest of larger and larger 

*At the conclusion of a gala concert in Vienna, Emperor Francis Joseph asked his 
guest, the Shah of Persia, which number he liked best, so that it could be repeated for 
him. The Shah indicated the first number; but when the orchestra began to play this, 
the Shah stopped them and said that what he wanted was what they had played 
before that. What had appealed most to him was the tuning up of the orchestra— 
another illustration of the Latin maxim “De gustibus non est disputandum.” 
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social groups of the gregarious human animal, aim to put limits upon 
“doing what comes naturally.” These laws reflect the mores , first of local 
and then of larger social groups, and are revised from time to time to 
keep up with advances in human spirituality and idealism. As scientific 
discoveries made possible increased and low-cost production of food, 
clothing, and shelter, besides creating and supplying new human wants, 
the laws respecting property gradually became less rigorous; those pro¬ 
tecting the human individual and his rights as against other individuals 
and as against social groups, including the state, have become, in truly 
democratic states, more and more extensive and effective. The backward 
eddies often seen do not indicate the course of the mighty stream of 
human development. 

Allowing full credit to all those who cooperate in the production and 
distribution of goods, the advance of mankind in supplying its wants, is 
due mainly to inventors (chemists, engineers, technologists, mathema¬ 
ticians). Despite the great amelioration of working time and conditions, 
the average man is able to satisfy vastly increased and increasing wants. 
In the Middle Ages gingerbread was a rarity for kings, and the prayer 
“Give us this day our daily bread” was for simple subsistence. Today 
people expect and get much more in return for less labor. Though men 
differ widely in ability, capability, industriousness and personality, our 
laws aim to let each person find the niche where he can best serve him¬ 
self and society, without infringing on the right of others to do likewise. 
Where free competition exists, the value of a person’s service is measured 
directly or indirectly by what others are willing to pay for the service or 
its products. Education helps the incompetent, and charity the unfor¬ 
tunate. In operation these principles often suffer because individuals or 
groups revert to antisocial behavior; but despite this, truly democratic 
states recognize, proclaim, and increasingly further the principle that all 
men are entitled to life, liberty and the pursuit of happiness, subject to 
the like rights of others. Such states do not routinely starve, imprison, 
or work to death in slave-labor camps those who differ with government 
officials, elected as servants of all citizens and not as irresponsible and 
tyrannical masters. 

In a letter to Wallace, Darwin said: “The struggles between races of 
man depend entirely on intellectual and moral qualities." In quoting and 
commenting upon this remark, Conklin wrote: 2 “Man is not only a bio¬ 
logical animal but also an intellectual and social being, and the standards 
of fitness differ in these three aspects. Biologically the fittest are the most 
capable of living and leaving offspring; intellectually the fittest are the 
most rational; socially the fittest are the most ethical. To attempt to 
measure mental or social fitness by standards of biological fitness is to 
confuse hopelessly the whole matter and to fail utterly to recognize that 
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human evolution has progressed in these three directions. Man owes his 
unique position in nature to this threefold evolution, and while elimina¬ 
tion of the unfit is the guiding factor in each of these three lines, the 
means of elimination and the goals are wholly different.” 

In discussing “Philosophy, the Guide of Mental Life,” ;i the writer 
stated: “The intimate relation between philosophy and science is evident 
from the fact that until comparatively recent times scientists were known 
as natural philosophers. Etymologically, philosophy means the love of 
wisdom. In its broadest sense, philosophy includes the physical and 
mathematical sciences, as well as mental and moral philosophy, now 
often called mental and moral science. Metaphysics (literally, after physics) 
is a branch of philosophy which studies the first principles of being and 
of knowledge; and though it makes full use of scientific facts, it is often 
loosely spoken of as ‘speculative philosophy’. Students of social phe¬ 
nomena want to be called ‘social scientists’, for science to-day is a word 
to conjure with; but they are really social philosophers because they seek 
not only knowledge but also wisdom in social matters.” 

Northrop 4 points out that in social science there are two fundamen¬ 
tally different aspects. Factual social science aims to determine what 
actually is, whereas normative social science aims to establish norms for 
human and social behavior which may differ from what actually is and 
which may change from time to time. Law-enforcing agencies are guided 
mainly by the factual aspects, whereas legislators, judges, and lawyers 
should be guided mainly by the normative aspects which aim at improv¬ 
ing social conditions on the basis of values that are mainly outside the 
scope of purely physical science. Yet physical conditions are important; 
e.g., the mental and behavior patterns of identical twins are quite similar. 
Sociology, involving as it must the exceedingly complex and numerous 
kinds of relationships between great numbers of persons, races, cultures, 
and national organizations, all of which are undergoing growth or retro¬ 
gression, must be guided by philosophic wisdom based on experience 
but not limited by it. The human mind and society are both undergoing 
continual evolution. 


Religion as a Factor in the Social Level 

Practically all racial or political groups having social organization have 
developed some form of belief as to the origin and the destiny of man. 
While contact with physical nature led to primitive sciences, e.g., agri¬ 
culture, manufacture, and the household arts, at the same time love, 
fear, wonder, and introspection gave rise to primitive philosophies and 
religions. The early “medicine man” was both scientist and priest, who 
tried to understand nature and to propitiate the many potent man-like 
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gods to whom a naive animism attributed the control of rain and crops, 
lightnings and storms, and the mysteries of life, illness, and death. From 
these simple beginnings there have emerged a great variety of religious 
organizations with diverse dogmas and rituals, though they are all based 
on the general recognition of the limitations of human understanding 
and faith in the existence of something beyond understanding. Because 
of the importance of religious beliefs in human social history and prog¬ 
ress, we might here consider some of the relations between certain re¬ 
ligious ideas and the demonstrated facts of the physical sciences. 

Religion and Science . The number of known chemical compounds is very 
large and continually increasing; but compound formation is always sub¬ 
ject to the possibilities inherent in atoms, which are, as we have only re¬ 
cently learned, made up of “primary particles’'—electrons, neutrons, pro¬ 
tons, etc. Many of our known chemical compounds are not found in nature 
because the conditions essential to their formation and persistence were 
not forthcoming. In making heretofore unknown compounds, chemists 
create nothing; they simply find conditions under which certain atomic 
possibilities can establish themselves. The same is the case in nuclear 
transformations, where the possibilities inherent in subnuclear units 
establish themselves. Scientists merely change the relative positions of 
various material units or mechanisms, and then observe what happens 
according to natural laws. Actual creation is utterly inscrutable, and 
beyond human power. 

The Creation, however, established in matter certain inalienable po¬ 
tentialities. Under conditions existing on our relatively tiny earth, the 
“fundamental” subnuclear units are capable of forming only about 650 
more-or-less stable atomic nuclei which attract satellite electrons to make 
up what chemists have long termed the ninety-odd “chemical elements.” 
In turn, as every chemist well knows, these “elements” can combine only 
in certain proportions to make more-or-less definite and stable molecules, 
the next higher order in the hierarchy of material aggregations. Thus 
in the case of hydrogen and oxygen we know only the ubiquitous and 
stable water (HgO), and the relatively scarce and unstable peroxide of 
hydrogen (H s 0 2 ); the mass spectrometer demonstrates the transient exist¬ 
ence of OH. Even the most complicated combinations of atoms and 
molecules found in nature or assembled in the laboratory exist only be¬ 
cause of properties inherent in matter since its creation. Matter follows 
its own laws, which are not necessarily those of calculators. 

To explain a phenomenon, we must descend to the level of material 
structure where comprehensible basic activities emerge, so as to make 
clear what J. Clerk Maxwell termed the “go” of it. However, the units 
used in our explanation may themselves be complex and subject to 
variation. But names are often given to phenomena long before they can 
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be explained in terms of material units. Such names are commonly re¬ 
garded as “metaphysical” until an acceptable explanation is found— 
whereupon they may be gradually accepted as “scientific.” The natural 
mental inertia to the acceptance of new ideas is intensified when there 
is also involved the abandonment of long-taught but erroneous notions, 
such as the indivisibility of atoms, or the belief that life can be accounted 
for only by assuming a series of special creations separate and distinct 
from the incomprehensible initial Creation. Hippocrates called the un¬ 
known directive force of life “physis” (nature). Aristotle, and later 
Driesch, called it “entelechy.” Paracelsus called it “archaeus.” Bergson 
called it “41an vital.” However comforting these words may have been to 
philosophers, they suggested no material basis for understanding the very 
real phenomena to which they referred, and they were therefore anath¬ 
ema to men of science. 

Scientists have been endeavoring to understand how life originated 
and slowly developed into mankind by the working of natural laws. 
Viewed from this standpoint, science has real religious significance, en¬ 
tirely apart from any dogma or theology; for by studying the ways in 
which matter has worked out or can work out its possibilities in animate 
and inanimate nature, scientists are revealing many unsuspected and 
wonderful consequences of the Creation. The billions of years which it 
took to evolve the earth, and eventually, man, do not bulk large in 
eternity; but the evolutionary process gives a reasonable explanation of 
the statement in Genesis, II, 7: “The Lord God formed man of the dust 
of the ground and breathed into his nostrils the breath of life. And man 
became a living soul.” If literally interpreted, this poetical expression 
could be taken to mean that God made a mud-pie and blew on it. Such 
an anthropomorphic interpretation is inconsistent not only with known 
facts, but also with a mature and exalted concept of Divinity. It is unfair 
to God; whereas science continues to reveal the wonderful and intricate 
mechanisms set into operation by the Creation. Perhaps the most won¬ 
derful result is that with the evolution of the human body there came 
the equally real evolutionary development of sensitivity, mind, and soul. 
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SURFACE CHEMISTRY AND 
BIOLOGY 


A. E. Alexander 

Dept, of Colloid Science, Cambridge University, Cambridge, England 

Introduction 

The part played by surface phenomena in biological systems has been 
pointed out too often to need emphasis here. Realization of its impor¬ 
tance has, in the past, led a number of biologists to study surface chem¬ 
istry, as Devaux and Hardy, both physiologists, who nevertheless made 
very substantial contributions to physicochemical phenomena in this 
field. 

The differentiation of function in even the simplest biological system, 
such as a bacterium or red cell, necessitates the existence of regions of 
markedly different composition, one of the simplest cases being a lipoid 
phase in contact with an aqueous phase containing soluble proteins. The 
movement of chemical substances, whether nutrients or drugs, will thus 
as a rule involve adsorption, or uptake in some form, by the bounding 
surfaces or interfaces. Many compounds normally present in cells, and 
also many drugs, have pronounced surface-active properties, and by their 
tendency to be adsorbed may modify the cell surface as well as the 
penetration through it of other molecules. 

In view of the complexity of even the simplest biological system—an 
isolated cell for example—little hope of any detailed understanding of 
the physicochemical factors at work would be likely in the absence of 
data upon much simpler systems. The field' of surface chemistry covers 
the physicochemical study of adsorbed and insoluble films at all the 
possible types of interface, particularly the air-water, the oil-water, the 
solid-liquid, and the gas-solid. Most of this work has some relevance for 
the biologist, although that from the first two types, the air-water and 
oil-water interfaces, is naturally of more immediate application. The 
present review aims at indicating, chiefly by means of selected examples 
the principal ways in which surface chemistry has been of value. 
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The basic techniques used in surface work involve measuring the 
change in surface tension (termed the surface pressure), the change in 
the phase-boundary potential (termed the surface potential) and the 
change in viscosity of the surface layer (the surface viscosity)-, in certain 
cases electrophoresis of discrete particles forms a useful adjunct. Details 
of such measurements, which require comparatively simple apparatus, 
can be found in suitable books . 1 ’ 2 


Determination of the Structure of Complex Organic Molecules 

Of historical interest, and marking a major advance in the develop¬ 
ment of surface chemistry, was the study of insoluble monolayers of 
natural oils (e.g., olive oil), by Pockels and Rayleigh at the end of the 
last century, the latter showing how the molecular size could be com- 
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Figure 1. Structures of cholestanol, the old formulation on the left, the modern on 

the right. 


puted from the amount of oil necessary to give a measurable surface 
pressure. More recently, the value of surface films was first emphasized by 
the work of Adam and his co-workers with the sterols . 1 

In general terms it can be said that the technique can indicate not 
only the general shape of the molecule, but also the relative position of 
the polar groups if more than one happens to be present. (One polar 
group at least is essential to ensure adequate spreading.) Thus, a mole¬ 
cule consisting of a complex ring system with two polar groups in 
close proximity would tend to give a condensed film, whereas if these 
groups are widely separated a gaseous or expanded film is more likely, 
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owing to the resulting tendency of the molecule to lie flat on the surface. 
Where condensed films are formed, it is possible to compare the area at 
zero compression with that calculated from models of likely structures. 

The work of Adam on the sterols, mentioned above, showed that the 
basic skeleton was much more elongated than was believed at the time. 
The limiting film area of 38 to 40A 2 /molecule given by many members 
(e.g., cholesterol) agrees reasonably with that calculated from the modern 
structure; the older formulation would have given one of 50 to 55A 2 . The 
difference between the two is clearly seen from Figure 1, the molecule 
being anchored to the water surface by the —OH group. Other com¬ 
pounds whose constitutions were studied about the same time were batyl 
and chimyl alcohols, 3 and certain porphyrins and related compounds, 
such as hemin, protoporphyrin, chlorophylls and phthalocyanines. 4 In 


Figure 2. The structure of hedraganic acid and the 
position of the carboxyl group. Position 17, Haworth 
and Ruzicka; position 20, Kon and Ross. 



the case of natural batyl alcohol, for example, the force-area curves co¬ 
incided with those from synthetic a-octadecyl glyceryl ether, giving strong 
support for the identity of the two compounds. 

Recent work along similar lines has dealt with such problems as the 
structure of cerin, friedelin and related compounds, 5 lupane derivatives, 6 
the constitution of quillaic and oleanolic acids, 7 and the position of the 
carboxyl group in certain triterpene acids (sapogenins). 8 Figure 2 shows 
the basic skeleton of this last type of compound, where .R'=jR=H in 
hedraganic acid, and jR' = Me, ,R = H in the oleananic acids. The force- 
area curve given by hedraganic acid shows a limiting area in the con¬ 
densed state of just over 40A 2 , a value much more consistent with the 
—COOH group being in position 20 than in the 17 position as form¬ 
ulated previously. 

Stenhagen and his co-workers 9 have, over the past decade, made de¬ 
tailed monolayer studies of a number of branched-chain compounds, 
such as phthioic acid and phthiocerol, and by comparison with synthetic 
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compounds have thrown a good deal of light upon these biologically- 
important compounds. 

Proteins, although frequently very soluble in water, can nevertheless 
be spread quantitatively at both air-water and oil-water interfaces. As 
would be expected, these surface layers have evoked much interest, both 
as a means of elucidating molecular structure and from the viewpoint of 
the formation and structure of protein membranes. 

Spreading is known to be accompanied by a complete loss of the orig¬ 
inal water solubility (surface denaturation ), the constituent polypeptide 
chains being unfolded and reorientated at the surface. The monolayers 
combine high compressibility with marked elastic and hysteresis effects, 
but any detailed analysis has only recently become possible following a 
study of monolayers of polymers of known structure. 10 The principal 
synthetic polymers examined have been: 



nylons, eg. (—(CH 2 VCO-NH—)„, and quite recently the 
polypeptides,™ (—CONH-CKft—) n , where R -GH 3 , —CH r C 6 H 5} etc. 


Many of these show similarities to protein monolayers, so that the char¬ 
acteristic properties of the latter certainly arise in part from the en¬ 
tanglements between the long polypeptide chains. Figure 3 presents some 
surface data for a typical protein and for a synthetic polypeptide at the 
oil-water interface. 12 The steep rise in the surface viscosity probably 
indicates the point of close-packing. 

Another factor which seems to be important in protein monolayers is 
hydrogen bonding between the = C = 0, =N —H groups in adjacent 
chains, for the study of long-chain compounds containing this group 
(e.g., amides, ureas), shows strong intermolecular linkages. 13 Such inter- 
molecular hydrogen bonding is usually broken down by very strong acids 
(e.g., 4N • H 2 S0 4 ), the original solid film liquefying. In the case of the 
synthetic polypeptides, 11 probably owing to their regular structure, the 
bonding is sufficiently strong to resist even such drastic measures. 

By means of monolayers of proteins, synthetic polypeptides and other 
polymers, long-chain amides, etc., it is possible to examine in some detail 
the effects of agents known to influence native proteins, such as urea. 
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thiocyanates, etc. Work along these lines is in progress in the laboratory 
at Cambridge. 

One further point concerning protein monolayers deserves mention— 
namely the possibility of measuring molecular weights by this means . 14 
The basic principle is very simple—merely measure the force-area curve 
in the dilute gaseous region and extrapolate to zero pressure, where the 
ideal gas equation nA~kT should be obeyed (71 = film pressure, .<4 = area). 



Figure 3. Force-area and viscosity curves for the synthetic polypeptide 
polyalanine, and for a typical protein (pepsin) at an oil-water inter¬ 
face. 


Experimentally it is not at all easy, owing to the minute pressures in¬ 
volved. Guastalla’s values for ovalbumin and gliadin agreed reasonably 
with those from ultracentrifuge data, whereas the results for hemoglobin 
indicated splitting into five or six fragments. Allan 15 has recently ex¬ 
amined the problem in detail, using monolayers at both air-water and 
oil-water interfaces, and synthetic polymers as well as various proteins. 
With proteins spreading from aqueous solution upon strong salt solu¬ 
tions (e.g., 25 per cent (NH 4 ), S0 4 ) gave the best results. The molecular 
weight thus found for egg albumin is of the same order as the bulk value, 
whereas that for insulin indicates splitting into four or five fragments. 
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Reactions at Interfaces 

Of the great variety of reactions at interfaces which have been studied, 
we shall restrict ourselves to those of rather obvious biological interest. 
Such reactions range from irreversible chemical processes involving the 
rupture of chemical bonds, to interactions which are readily reversible, 
and which are therefore regarded as being more physical in nature. 

Some of the simpler physical systems involve studying the effects of 
water-soluble substances (drugs, dyes, etc.) upon monolayers of proteins, 
cholesterol, phospholipoids, etc. Interaction is measured quantitatively 
by changes in surface pressure, surface potential, viscosity, etc., and the 
strength of attachment to particular cell components can thus be de¬ 
tected. Such studies are clearly relevant to an understanding of the inter¬ 
play of biologically-active compounds with cell membranes, which al¬ 
though often only the first step in a chain of processes, may nevertheless 
be of determining importance. The agglutination and lysis of red cells, 
the outer membrane of which is thought to consist largely of proteins 
and lipoids (e.g., cholesterol), has thus been examined. 16 With a series 
of water-soluble soaps C^H^X (X= —COONa, —S0 4 Na, etc.), the rela¬ 
tive degree of penetration into monolayers of cholesterol or protein was 
found to parallel their hemolytic efficiency. On the other hand, multi¬ 
polar compounds such as tannic acid, silicic acid, and certain dyes such 
as Janus Green, which agglutinate rather than hemolyze, show no pene¬ 
tration but are strongly adsorbed beneath protein films. These results 
have been regarded as confirmatory evidence for the lipo-protein theory 
of the red-cell membrane. 

One of the simplest interfacial reactions—the adsorption of proteins— 
has evoked much interest, particularly in connection with enzymes and 
the antibody-antigen reaction. Spreading at an air-water interface seems 
to be accompanied by the complete loss of enzymatic and specific im¬ 
munological functions, 17 - 18 as well as of solubility, indicating very radical 
and irreversible changes in structure. In the technique usually employed 
the protein, after being spread as a monolayer, is removed to a metal 
plate by a dipping process, and then tested for enzymatic activity. Where 
some activity has been reported, as with catalase and saccharase, it seems 
significant that the film thicknesses are all very much greater than that 
for a fully spread monolayer (ca. 10A), indicating the presence of some 
unspread protein. 18 

At oil-water interfaces, the extent and the rate of surface denaturation 
appear to be markedly less than at the air-water interface. 12 ' 19 The ad¬ 
sorption diminishes as the interfacial tension is reduced; electrical effects 
arising from the charges on the interface and the protein are also im¬ 
portant. 20 Considering the importance of these adsorbed protein films as 
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stabilizers of biological emulsions, as precursors of biological membranes, 
and in immunological reactions, comparatively little is known about 
their detailed structure. 

As previously mentioned, the spreading of an antibody or an antigen 
(if protein in nature) at an air-water interface appears to be accompanied 
by the loss of the specific immunological reaction. For example, horse- 
serum globulin as monolayer and rabbit antiserum in the subsolution, 
and pneumococcus (Type II) antibody as monolayer and specific polysac¬ 
charide in the subsolution, gave no detectable reaction with surface- 
pressure and surface-potential techniques. 21 It would be of great interest 
to carry out similar investigations at oil-water interfaces of various types. 

It has been known for some time that multilayers (built-up films), such 
as barium stearate, after conditioning by immersion into aluminium or 
thorium salts (to deposit a thin layer of hydroxide) will adsorb proteins 
from solution. The thickness of the adsorbed film can readily be measured 
from the change in the optical properties (color) of the film. A film of 
an antigen deposited in this way will specifically adsorb its homologous 
antibody from solution, and vice versa. In such systems it seems clear, 
from the increments in thickness, that the adsorbed proteins are in the 
globular state, so that the preservation of specific properties is not 
surprising. 

Recently, the effect of various coatings upon antigen or antibody films 
deposited on a conditioned plate in the above way has been examined. 17 
The film of an antigen (for instance) is coated with a multilayer of 
barium stearate or by a layer of Formvar (a synthetic polymer). The plate 
is then immersed in a solution of the homologous antibody, and the 
ensuing adsorption is measured optically from the increase in thickness. 
By this means appreciable uptake has been observed even though the 
deposited film is many molecules thick, and this has been held to indicate 
the existence of long-range forces in specific immunological reactions. 17 
The argument assumes that the layers on the plate, both protein and 
the polymer or multilayer, possess perfect laminated structures. From 
the known structure of multilayers and from the behavior of proteins 
at interfaces, such a high degree of perfection would seem most im¬ 
probable; and as evidence for the existence of long-range specific forces 
in immunological reactions, the observations are by no means convincing. 

An illustration of the power of surface methods is provided by the 
study of the photochemical breakdown of proteins. 22 Proteins undergo 
photochemical hydrolysis when irradiated by ultraviolet light; the reaction 
can be followed very conveniently in a protein monolayer illuminated 
from above, thus overcoming troubles caused by absorption of radiation 
by the solvent. Preliminary work using paraffin-chain amides showed the 
importance of an aromatic nucleus as chromophoric group: 
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CijHjs-CO-NH <^> + HsO + hv -> CijHsbCOOH + H 2 N <^> 

With monolayers of proteins the extent of breakdown seemed to be de¬ 
termined by the number of aromatic side-chains, in conformity with the 
above conclusion. 

Biological Activity in Homologous Series 

Theories of drug action, particularly those concerned with the relative 
potency of members in an homologous series, have been the subject of 
much bitter controversy in the past. Overton and Meyer, and their school, 
in their explanation of narcosis, laid supreme importance upon the solu¬ 
tion of drugs in cell lipoids, whereas Traube considered that capillary 
activity, i.e., adsorption on cell surfaces, is paramount. 

It is frequently found that the biological response to a homologous 
series of drugs bears an exponential relationship to the number of carbon 
atoms in the hydrocarbon chain. Many physical properties such as surface 
activity (Traube’s rule) and fat solubility show just the same exponential 
relationship, so that it is usually impossible to infer the mode of action 
of the drug from any simple correlation between biological action and a 
particular physical property (see Fei'guson 23 ). All that can be said is that 
the slowest physical process in the over-all effect depends on a partition 
property of the molecule—the particular one involved cannot readily be 
specified, and various partition effects may be involved in the complete 
process of drug action. 

Trim and the author 24 have recently reconsidered the problem, par¬ 
ticularly in relation to the influence of soaps upon drugs (as outlined 
below), which throws some light on the problem. They concluded that 
compounds such as hydrocarbons, both simple and chlorinated, are rela¬ 
tively devoid of surface activity and do not act by a Traube mechanism. 
On the other hand, with many drug series, such as the w-alkyl phenols, 
alkyl resorcinols, etc., the amount of adsorption at the cell surfaces (e.g., 
with bacteria), seems to be the decisive factor in the overall biological 
activity. 

Numerous attempts to correlate surface activity with biological activity 
have appeared in the literature. The former has generally been assessed 
from the lowering of surface tension (i.e., at the air-water interface), less 
frequently from interfacial tension against an oil such as medicinal 
paraffin. Of these the latter is undoubtedly the better, although it must 
be emphasized that the only completely satisfactory system is the biolog¬ 
ical surface itself which, unfortunately, is usually a matter of some diffi¬ 
culty. The chief difference between adsorption upon a biological and an 
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air-water or oil-water interface arises with ionized drugs and when the 
biological surface and drug ion are oppositely charged. 

It should also be pointed out that most biological activities refer to 
dynamic rather than equilibrium conditions. Under such conditions the 
processes of adsorption and absorption (i.e., solution in the lipoid layers 
of the previously adsorbed molecules) appear to be the rate-controlling 
steps with most surface-active drugs. 24 The importance of surface activity 
is thus apparent. 

Many apparent exceptions to Traube's rule have been reported, even 
in series such as the n-alkyl phenols, resorcinols, etc., where surface ac¬ 
tivity is undoubtedly of major importance. Most of these anomalies arise 
from solubility effects, 24 others because the basic assumptions of Traube's 
rule are not valid. 20 Of these assumptions, the most important is that the 
amount of adsorption is very small, which may not be the case in some 
systems. 


Biological Activity of Soaps (Natural and Synthetic) 

Soaps, which together with the dyes constitute the important group 
of colloidal electrolytes, may be taken as the extreme case of ionized 
organic drugs, combining a lipophilic hydrocarbon chain with a 
strongly hydrophilic polar group. They are also an extreme type of 
drug in the sense that their lipoid solubility is in general very low, 
and almost all their biological activity appears to arise, directly or indi¬ 
rectly, from their pronounced adsorptive powers. Colloidal electrolytes 
include the natural and synthetic soaps (detergents and wetting agents), 
many dyes, most bile salts, certain phospholipoids such as lecithin, and 
a few ionized drugs containing long paraffin chains. Both the surface 
activity and the tendency to aggregate (micelle formation), which to¬ 
gether are responsible for most of the biological effects of these sub¬ 
stances, arise from the tendency of the paraffin chains to be expelled 
from the aqueous phase. Micelle formation sets a very effective limit to 
adsorption, as thereafter the boundary tension is but little affected. 

The Traube theory of drug action seems to provide an adequate ex¬ 
planation in almost all cases. 24 As the surface activity, measured by the 
lowering of surface or interfacial tension, increases, so in many cases and 
in a general way does the biological activity. The apparent discrepancies 
all seem to involve conditions where the organic ion of the drug and 
the biological surface are oppositely charged: in such cases electrical 
(Coulomb) forces will increase the adsorption above that anticipated 
from measurments at an air-water or oil-water interface. 

In addition to concentration and charge effects, adsorption is also 
influenced by the structure of the molecule, as has been shown in studies 
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of fatty acids and synthetic soaps. With these ionized compounds the 
branched-chain isomers are less surface active than the straight-chain 
compound at low concentration, but there is frequently a reversal at high 
concentrations. The difference arises from the greater difficulty expe¬ 
rienced by the branched-chain isomers in packing together to form 
micelles, 26 which, as mentioned above, sets a very effective limit to sur¬ 
face activity. Another contributory factor arises from the dissociation 
constant not being identical in the various isomers: 27 this may modify the 
adsorption since most comparisons are done at a fixed pH. 

Salts tend to increase the adsorption of soaps since they reduce the 
Coulombic repulsion between the adsorbed organic ions and those in 
solution. As would be expected the effect is caused primarily by the con¬ 
centration and valence of the ion oppositely charged to the organic ion— 
thus, in the case of anionic soaps, CaCl 2 is more effective than NaCl. 28 
The addition of larger amounts of salts usually brings about precipita¬ 
tion of soaps and the effects upon the surface tension are again reflected 
in the biological activity. Many examples of synergistic action in mixed 
drug systems are also explicable in terms of changes in surface activity. 24 

The physical and chemical nature of the adsorbing surface also in¬ 
fluences the adsorption of soaps, and this has been used to explore the 
nature of the bacterial envelope. 29 Many effects of pH, salts, and of bac¬ 
terial type (Gram-positive or Gram-negative) upon the bacteriological 
activity of anionic and cationic soaps can be explained by paying due 
regard to the charges on the biological surface. 

Soaps, as previously mentioned, aggregate to micelles above a certain 
rather definite concentration, the critical concentration for micelles . 
Owing to their peculiar structure, micelles interact very strongly with, 
and thus indirectly influence the biological activity of, a wide variety 
of substances, ranging from water-insoluble hydrocarbons at the one ex¬ 
treme, through partially soluble organic molecules like phenol, to the 
very hydrophilic, simple inorganic ions. The way in which micelles ad¬ 
sorb and thus detoxicate phenols will be discussed in the next section. 

The uptake of sparingly-soluble substance by micelles is usually termed 
solubilization . It provides a mechanism for transporting sparingly-soluble 
substances, both of drugs and of lipoid constituents from biological sur¬ 
faces. The latter effect would explain the sudden increase in permeability 
observed in some systems above the critical concentration for micelles. 24 

Finally, mention must be made of the interaction of soaps with sub¬ 
stances frequently present in biological tests, particularly polymers such 
as proteins, peptone, agar, etc. Measurement of the surface activity of 
such soap-polymer systems indicates that the polymer tends to adsorb 
the soap, the effect being particularly marked if oppositely charged, e.g., 
cationic soaps with gelatin or agar at neutral pH. This explains many 
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Figure 4. The biological and inteifacial activities of hexyl resorcinol in the presence 
of the synthetic soap CTAB. 


examples of a reduction in bacteriological activity observed in the pres¬ 
ence of broth or agar. 24 


Biological Activity in Soap-Drug Mixtures 

Most of the work referred to below concerns phenols in the presence 
of natural and synthetic soaps, but the concepts developed appear to be 
of general validity, and can be applied to other soap-drug systems. 

In an in vitro examination of the effect of intestinal contents upon 
the rate of penetration of hexyl resorcinol into the pig roundworm 
(Ascaris lumbricoides), it was found that bile salts and sodium oleate had 
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marked effects. Synthetic soaps behaved similarly and a typical result 
with the cationic soap (CTAB *) is shown in Figure 4. 30 At low soap con¬ 
centrations the rate of penetration is markedly increased, although the 
soap itself penetrates very little, if at all. At high soap concentrations 
the effect is reversed, and the penetration rate is ultimately reduced to 
zero. A precisely similar phenomenon is observed using bacteria as test 
organism. 31 The effects are clearly general ones and from measurements 
of the surface activity of the various mixtures a reasonable physicochem¬ 
ical interpretation can be given. 

As pointed out above, structural features make soaps highly surface- 
active and also cause aggregation to micelles above a certain concentra¬ 
tion. In the present systems, addition of soap in low concentration in¬ 
creases the surface activity of the mixture, thus increasing the adsorption 
on the surface of the organism and making it more permeable to the 
phenol. Up to the point of micelle formation the biological activity is 
thus increased. Once micelles start to form, however, they take up 
phenol from the solution and thus reduce the amount available for inter¬ 
action with the organism. The biological activity thus falls to very low 
values if sufficient soap is added. The reduced uptake of phenol when 
micelles are present has recently been confirmed experimentally by direct 
measurement, using thick suspensions of bacteria. 28 


The Mechanism of Fat Absorption 

The chemical and physical processes involved in the digestion of fat 
in the intestine have been the object of a number of recent investigations. 
In addition to chemical breakdown (hydrolysis) of the fat, emulsification 
was shown to be a most important factor. The way in which emulsifica¬ 
tion takes place spontaneously in the intestine (as it must do if rapid 
absorption is to occur) has been examined from the angle of surface 
chemistry, and this has shed a good deal of light upon the probable 
stabilizing agents. 32 

The mode of attack was to examine combinations of the principal 
intestinal constituents, such as triglyceride, monoglyceride, fatty acid, 
bile salts, etc., and see if any particular combination showed spontan¬ 
eous emulsification at pH 6.5, the pH of the upper part of the small 
intestine. The only effective in vitro combination was the three-com¬ 
ponent-system fatty acid-monoglyceride-bile salt (taurocholate), and since 
these are normally present, in adequate amounts, they are probably also 
responsible in vivo. The . role of the bile salt in the interfacial film is 
probably to give a high charge to the emulsion particles, fatty acids being 
insufficiently ionized at an interface at pH 6.5. The way in which the 

* CTAB is cetyl trimethylammonium bromide. 
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bile salt-monoglyceride-fatty acid mixture produces the requisite low 
interfacial tension (<ca. 1 dyne/cm for spontaneous emulsification) is 
clearly closely related to that in the mixed films mentioned earlier. 
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COMPLEXES OF IONS 
WITH PROTEINS 


Irving M. Klotz 

Dept. of Chemistry , Northwestern University , Evanston, III. 


Interactions between proteins and small ions have long been of in¬ 
terest to the biologist because of their significance in the function or 
dysfunction of many natural systems. Depending on its interests, how¬ 
ever, each group of investigators has emphasized different aspects of these 
interactions. Thus, the physiologist has been concerned, to a large extent, 
with phenomena such as the excitatory (or inhibitory) effects of various 
anions or metallic cations on muscle activity. On the other hand, the 



pharmacologist has been more interested in the binding of ions and 
molecules by serum proteins, for such information enables him to esti¬ 
mate effective drug levels in plasma, as well as to correlate excretion 
rates. The biochemist, in turn, has taken a special interest in interactions 
involving enzymes, since he recognizes that these macromolecules have 
special properties which frequently depend on their combination with 
organic or metal ions. 

It has been realized for some time that an effective understanding of 
these interactions depends on an interpretation at the molecular level. 
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With most biological responses, however, there are several steps between 
the experimental observation and the initial ion-protein combination, 
which make it very difficult to establish the properties of the complex in 
an unequivocal fashion. On the other hand, with a crystalline, homoge¬ 
neous protein, one is dealing with a much simpler system in which asso¬ 
ciations with small ions can be interpreted in a more straightforward 
fashion. It is for this reason that a great deal of effort’ has been devoted 
recently to the elucidation of the nature of these complexes. 

In an early stage of investigation, an ion-protein complex might be 
represented in a very schematic fashion by a diagram such as in Figure 1. 
Each constituent is indicated simply by a sphere, and possible sites of 
combination on the protein are represented by dots. There are numerous 
questions which one might raise in an attempt to add some detail to this 
model. In this paper, we shall consider four such questions: 

(1) How many ions can be held by a single protein molecule? 

(2) What is the strength of the bond between the protein and a specific 
ion, i.e., what is the energy of combination? 

(3) What is the molecular and configurational nature of the site on the 
protein at which the ion is bound? 

(4) What structural features in the ion favor combination? 

Detailed answers to all of these questions cannot be given as yet, but 

a great deal of information has been accumulated in the past few years, 
and much of it can be used to obtain a clearer insight into the nature of 
ion-protein interactions. 

Stoichiometric Relations 

In any fundamental approach to the structure of an ionic complex, it 
is necessary to know first the stoichiometric composition of the aggregate. 
In the case of protein complexes, this problem has been obscured some¬ 
what by the simultaneous existence of numerous stoichiometric ratios, 
the proportion of each one depending on the concentration of free, 
unbound ion in equilibrium with the complexes. For conciseness in 
representation of experimental data, it is convenient to plot the average 
number of ions per molecule of protein as a function of the concentra¬ 
tion of the free ion. Thus in Figure 2, a graph of the data on copper- 
albumin complexes, one finds an average of seven cations on each protein 
molecule at a concentration of 1(H molar (log=—3) of cupric ion. It is 
necessary to recognize, however, that complexes exist in this same solu¬ 
tion, which have fewer than seven cupric ions on each protein molecule, 
and that some are also present that have more than seven. 

No method has yet been devised for measuring by a direct experiment 
the concentration of each type of complex in a given solution. Neverthe¬ 
less, these concentrations can be calculated from theoretical equations, if 
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adequate data are available on the variation of the average number of 
bound ions with changes in concentration of free ion. 

Proceeding to the problem of finding the maximum number of ions 
which can be held by a single protein molecule, we find that the answer 
can be obtained occasionally by direct experiment, but more often it 
requires some extrapolation procedure. In principle one would expect 
that the binding curve, as shown in Figure 2, should become horizontal 
as the concentration of free ion is increased. Such, indeed, is the case with 


is 


to 


- 4.0 - 3.0 - 2.0 

LOG [CU++] FREE 

Figure 2. Binding of cupric ions by bovine serum albumin at 25°C. Upper 
curve at pH 4.83; lower curve at pH 4.00. 



certain complexes between the protein lysozyme and some dye anions, 
where, at pH's near 7, the binding curve levels off when eleven ions are 
bound by each protein molecule. In most cases, however, the strength of 
binding is too weak to enable one to find this maximum directly. Thus 
in the case of copper-albumin complexes, it is difficult to tell from 
Figure 2 what the maximum number of bound copper ions can be. It 
is necessary, therefore, to resort to some extrapolation procedure. 

Two different methods of extrapolation have been proposed in the 
literature. In one of these, 1 the data are plotted according to the equation 


where 


, 1 . 1.1 

kn c~ n 


r = moles bound ion per mole total protein 
c = concentration of free ion 

n = maximum number of ions which may be bound by j 
single protein molecule 
k — binding constant 


a) 
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In a graph of i versus 1, the intercept on the ordinate is I; its reciprocal 
gives rc. The second extrapolation procedure 2 makes use of the equation 

- = kn — kr (2) 

c 

In this case, r/c is plotted against r. The intercept on the ordinate is kn, 
and the slope of the line is k . Thus n can be determined from the ratio 
of intercept over slope. 

For serum albumin the maximum number of ions combined with a 
single protein molecule has been reported for several different types of 
anion and cation. Some typical values have been assembled in Table 1. 
Even among the anions, no common value of n is apparent. Such a de¬ 
pendence of n on structure of the anion may reflect differences in con¬ 
figuration of amino acids around the sites at which binding occurs. On 
the other hand, a great deal of doubt has often been cast on the re¬ 
liability of n values obtained by extrapolation. 


Table 1. Maximum Number of Ions Held by One Molecule 
of Serum Albumin* 


Ion 

Maximum Number 
Bound 



Reference 

Chloride 

6 



(3) 

Dodecyl sulfate 

110 



(4) 

Dodecyl sulfate 

14 



(5) 

Phenyl butyrate 

24 



(6) 

o-Nitrophenolate 

6 



(6) 

ttz-Nitrophenolate 

24 



(6) 

/>-Nitrophenolate 

25 



(6) 

Methyl orange 

22 



(1) 

Cupric 

16 



(7) 


*No distinction is made in this table between albumins of different origin, that is, 
whether human, bovine or equine. 


Thus, the significance of differences such as those reported in Table 1, 
is still open to question. 


Energy of Binding 

To evaluate binding energies one must recognize again that multiple 
complexes are formed in ion-protein aggregates. Thus it is necessary to 
represent the equilibria involved by a set of equations such as 

P +1 = PI 

PI+ 1 = Ph (3) 


Ph-i +/ = P/i 
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where P indicates the protein molecule and I the small ion. For each of 
these equilibria, one can then formulate an equilibrium constant which 
in general terms may be written 


m 


h 


(4) 


It is evident, that the extent of binding of a particular ion, 1 , by a 
specified protein would depend on the magnitude of the equilibrium 
constants. The affinity of the protein for the ion thus can be measured 
quantitatively in terms of h it and for expression in thermodynamic terms, 
the free energy of binding can be evaluated from the relation: 


A F°i = -RTIn h (5) 

As usual, R represents the gas constant and T the absolute temperature. 

The actual evaluation of A F° *s from experimental data involves rela¬ 
tively extensive computations, in which statistical, electrostatic, and per¬ 
haps other factors need be considered. 1 * 2 * 5 For our present purpose, 
however, to give an indication of the order of magnitude of the energy of 
binding, it will suffice to restrict our discussion to AF?, the free-energy 
change for the formation of the first complex. Some typical binding 
energies are listed in Table 2. All values are in the neighborhood of 5 
kilocalories/mole. It is obvious, then, that the bonds formed are loose 
ones and hence not of the strong covalent type. Relationships between 
binding energy and structure of the small ion or molecule will be con¬ 
sidered in one of the following sections. 

Equal in interest to the free-energy of binding, are the associated 
thermodynamic quantities, the entropy (AS) and enthalpy (A H) of bind¬ 
ing.* Quantitative data which permit the calculation of all three of these 
quantities have been obtained for only a very few ion-protein com¬ 
plexes. 5 * 7 * 11 Nevertheless, a common feature is discernible already. All 
of the ions examined (five anions, one cation) show a small enthalpy of 
binding, but a relatively large and positive entropy of binding. For an 
association process, such as is represented by equation (3), an increase in 
entropy is rather surprising. Even more unexpected, however, is the ob¬ 
servation that the increased binding energy for larger ions is not caused 
by any substantial increase in A H, but almost entirely by larger positive 
A S values.* 


♦According to the theory of thermodynamics, the magnitude of the free-energy change 
(AF) for a given chemical reaction depends on two related thermodynamic quantities, 
the enthalpy change (AH) and the entropy change (A S). Specifically, AF = AH — T&S, 
for a reaction at a constant temperature, T. The AH term may be identified directly with 
the heat absorbed in a chemical reaction under normal conditions. Thus, the more heat 
evolved , the more negative will be AH, and hence the more negative the contribution to 
AF. The entropy term, A S, is interpreted most conveniently on a molecular basis. When 
a molecular system changes to a less orderly arrangement, S increases and A S is positive; 
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A full discussion of the significance of these thermodynamic quantities 
would not be appropriate in a brief review. Nevertheless, in connection 
with subsequent discussions on the nature of the ion-protein bond, it is 
pertinent to point out that small A H values and large positive A S values 
for an association process are characteristic of electrostatic reactions. 
This behavior has been found experimentally to be typical of reac¬ 
tions such as acid-base equilibria. Large A S values and small AH's for 
electrostatic combinations would be predicted also from theoretical 
Considerations. 


Nature of Binding Site on Protein 

In considering the characteristics of the locus of attachment on the 
protein, we must treat complexes with anions separately from those with 
cations. 


Table 2. Binding Energies for Complexes with Serum Albumin 


. Ion or 

Molecule 

Binding Energy, ( — AFi) 
calories/moie 

Reference 

0-Nitrophenolate 

5565 

(6) 

m-Nitrophenolate 

4965 

(6) 

/>-Nitrophenolate 

4865 

(6) 

Salicylate 

4780 

(8) 

Methyl orange 

5960 

(1) 

Adenine 

3080 

(9) 

Adenosine 

3370 

(9) 

Adenylate 

3810 

(9) 

Sulfanilamide. 

3740 

(10) 

Cupric 

5180 

(7) 


Much evidence has now been accumulated to indicate that anions are 
held by the protein largely by the electrostatic forces of positively-charged 
loci of one of the basic amino-acid residues (Figure 3). As has been 
pointed out in the preceding section, the thermodynamic quantities asso¬ 
ciated with complex-formation exhibit values characteristic of an electro¬ 
static reaction. In addition it has been observed 12 - 12 that the extent of 
binding of anions drops very rapidly in solutions of pH 11 and above, 
i.e., in solutions where the cationic amino acids lose their positive charge. 

rice versa, when a. system becomes rearranged into a more orderly configuration, S de¬ 
creases and AS is.negative. As is evident from the equation AF = AH — TAS, if AS is 
positive, AF becomes more negative. 

Thus, the more negative the value of AH and the more positive the value of AS, the 
greater will be the binding energy; for the binding energy is defined as — AF, since the 
greater the drop in F, the more stable is the complex formed in the reaction under con¬ 
sideration. In other words, the greater the heat evolved and the more disarranged the system 
formed at the end of a reaction, the more stable is the resultant product. 
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Even more striking evidence has been obtained by an examination of 
the binding affinity of proteins chemically modified in a controlled 
manner. It is possible to acetylate selectively the e-amino groups of the 
lysine residues of a protein under such mild conditions that the frame¬ 
work of the macromolecule remains intact. The net result of this modi- 


■.i i 

HCH HCH 

HCH C 

» /A 

HCH 0 0 

H&C»NH 

+ 


HCH 
HCH 
HCH 
HCH 
HNH 
H + 


HCH 

HCH 


O 0 


HCH 


I, NH 

hV* 

M H 


Figure 3. Schematic diagram of protein molecule. 


fication, then, is the elimination of a positively-charged locus on the 
protein: 


P—NHJ + (CH 3 C0) 2 0 = P—NHCOCH 3 + CH 3 COOH + H + ( 6 ) 

In consequence, one would expect a substantial drop in binding ability, 
and such indeed is the case. 14 On the other hand, it is possible also to 
convert the e-amino group of the lysine residues to guanidine groups by 
the reaction: 


P—NH, + CH 3 OC=NH = P—NHC=NH 2 + CH 3 OH (7) 

I I 

nh 2 nh 2 

In this case, the nature of the site is altered, but the positive charge is 
retained. As would be predicted, then, the ability to bind anions is 
retained. 14 

While the presence of a positively-charged locus is apparently £ neces¬ 
sary condition for the protein to bind anions, it is not a sufficient con¬ 
dition, Thus with a small anion, such as methyl orange, only two pro¬ 
teins, serum albumin and /?-lactoglobulin show appreciable binding 
affinity at physiological pH’s. On the other hand many other proteins, 
for example serum y-globulin, have practically as many cationic, amino- 
acid residues as does /S-lactoglobulin, and yet do not form anion com¬ 
plexes. The basis of this difference in behavior is not yet certain, although 
it probably involves the configuration of the amino acids around the 
cationic locus. It has been suggested recently 14 that hydroxy and dicar- 
boxylic amino-acid residues within the protein in the neighborhood of 
the cationic group may compete with the small anion attempting to come 
in from the outside. On the basis of this picture it has been possible to 
establish a quantitative binding index , based on the distribution in con- 
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tent of amino acids in a protein, which predicts the relative binding 
ability of the protein. This index fits the observations accumulated so 
far, but a rigorous test of its reliability must await further investigations. 

Turning to complexes of proteins with a metallic cation such as cop¬ 
per, we might be inclined to attribute binding properties to the 
presence of negatively-charged carboxylate groups on the macromolecule 
(Figure 3). The presence of carboxylate residues does indeed seem to be 
a necessary condition, at least for binding in the neighborhood of pH 5; 



Figure 4 . Absorption spectra of some copper complexes in aqueous solution near pH 5. 


for if the pH is lowered, and the COO’ groups converted to uncharged 
COOH residues, the extent of binding of Cu ++ drops rapidly. 7 

Perhaps even more convincing, however, are some of the spectrophoto- 
metric observations illustrated in Figure 4. The optical absorption of 
Cu-n- depends on its environment, as one would expect. When complexed 
with an amine group, the absorption peak of Cu ++ is generally in the 
neighborhood of 600 mw, as is shown for the ethanolamine case in Fig¬ 
ure 4. On the other hand, with COO~ groups, such as acetate, the Cu ++ 
complex shows a maximum absorption slightly below 800m 4 u. It is of 
interest, then, to notice that the copper-albumin complex (near pH 5) 




RV1N6 M. KLOTZ 


233 


has 3 . peak almost identical in wavelength with that of copper acetate. 
A similar spectrum is obtained with the copper-^S-lactoglobulin complex. 
The conclusion seems inescapable, then, that COO- groups on the pro¬ 
teins are intimately involved in the bond with the me talli c cation. 

Effect of Structure of Anion 

Because of its possible significance in connection with biological speci¬ 
fications, a great deal of attention has been paid to the effect of structural 



Figure 5 . Binding of penicillins of increasing molecular weight by serum 

albumin. 


variation on the affinity of anions for serum albumin. It should be em¬ 
phasized at the outset, however, that this protein shows a very nonspecific 
character in its ability to bind a vast variety of anions. Nevertheless, 
certain anions are bound more strongly than others, and an examination 
of the structural basis of these differences should lead to some principles 
of general applicability. 

Numerous comparisons have been made within pairs of molecules of 
practically identical structure, but differing in the presence or absence 
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of a negative, charge. Invariably the anion has been bound much more 
strongly. Thus albumin has a much greater affinity for 13 

^>SOr than for H 2 N^_^ SOaNHa 

Similarly, CH 3 (CH 2 ) 4 COO“ is bound much more strongly than 
CH 3 (CH 2 ) 4 CONH 2 f 16 

Within a series of anions of similar base structure but increasing mo¬ 
lecular weight, binding affinity increases with size. This behavior is illus¬ 
trated in Figure 5 for penicillin-albumin complexes. Similar behavior has 
been observed in the series of aliphatic acids 10 and has been pointed 
out even earlier 17 in connection with titration curves for proteins. The 
principle of increased binding with increased size is, in fact, implicit in 
the observation of Sorensen 18 that the protein error with indicators is 
generally smaller with indicators of simpler constitution. 

Some interesting observations have also been made recently in connec¬ 
tion with the relative affinities of isomeric anions. Thus, 


CHaCOO- 

/\-OH 


\ 

has been found 19 to be much more strongly bound than 


CHaCOO" 

A 

Y 

OH 

Similarly albumin shows a stronger affinity for 


SOr 



V/ 


than for 

S0 3 “ 

A 

Y 

NH 2 
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It seems likely that the ortho compounds form intramolecular hydrogen 
bonds which decrease the affinity of the aqueous solvent for the anion 
and hence make it easier for the protein to hold on to the small ion. 


Conclusions 

The foregoing discussion represents a rather cursory survey of some 
of the characteristics of ion-protein complexes. Most of the work de¬ 
scribed has been carried out with the serum proteins, and hence most 
of the conclusions derived, of general biological import, have been in 
connection with the physiological functions of plasma proteins. Thus it 
has been emphasized 20 that these proteins may play a very important 
role in the transport of a variety of ions and molecules within the or¬ 
ganism. Similarly it has been pointed out that serum albumin may act 
as a concentration buffer by tying up small ions so that they are not 
excreted too rapidly by the kidneys. 

The study of ion-protein complexes is also beginning to give some 
information with more fundamental implications. Even with serum albu¬ 
min, structural specificities, of which those described are but a few, are 
becoming evident among the groups of anions being studied. These inter¬ 
actions, sooner or later, must give some direct indications of the basis of 
enzyme specificities. 

Perhaps the most significant contribution which can come from studies 
of these complexes is in connection with the structure of proteins. Even 
from the limited investigations carried out so far, an inkling is being 
obtained of the configurational patterns at the surface of the protein 
molecule. Further studies will furnish more detailed knowledge of these 
configurational arrangements and thus will provide a foundation for a 
rational approach to many of the puzzling problems of biology. 
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CATALYSTS AND NEOCATALYSTS IN 
BIOLOGY AND MEDICINE 


Jerome Alexander 


The chemical changes resulting from the activities of any catalyst— 
and all enzymes are biocatalysts—take place at, or very close to, the 
catalyst surface whose specific physicochemical configuration is a domi¬ 
nant factor in controlling what happens there. The nature and rate of 
the catalytically-directed chemical changes may vary with the local tem¬ 
perature, the pressure, the relative proportions of reactants and of other 
substances present, and with the speed of removal of new products 
formed. With most organisms, the presentation of reactants to active 
catalyst areas and the removal therefrom of reaction products and of 
substances influencing reaction are controlled by differential diffusion 
through tissues, septa, and cellular protoplasm; by the massive distribu¬ 
tion of these products by circulating fluids (e.g., blood, lymph); and by 
their removal by selective adsorption, polymerization, chemical reaction, 
or utilization by other catalysts. 


Tempo in Biological Reactions 

For the most part, biocatalysts exist within cells or body fluids in col¬ 
loidal dispersion, whether free (enzymes) or else fastened to or adsorbed 
on tissue elements. In discussing the zone of maximum or optimum 
colloidality in Volume I of this series,* the writer referred to the control 
exerted by degree of dispersion on the velocity of chemical reaction as 
follows: 

“A most striking example of optimum dispersion is found in living 
matter. Figuratively speaking, if all the chemical substances comprising 
our organism were in true or crystalloid dispersion, reactions would 
proceed so rapidly that we would, so to say, live ten years in ten minutes. 
On the other hand, if coarse dispersion prevailed, it would take ten 

* “Colloid Chemistry, Theoretical and Applied/’ Ed. J. Alexander, Vol. I, pp. 25-26, 
New York, Reinhold Publishing Corp., 1926, 
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years to live ten minutes. Every organism is dependent upon the co 
ordination of its chemical reactions in point of time, and this leisurely 
procedure depends largely on degree of dispersion, which keeps chemical 
reaction velocities within certain speed limits through its regulation of 
free surface and kinetic velocity. Life lies between lysis and coagulation. 
The colloidal zone is, as it were, a vital metronome tolling off the tempo 
of life.” 

Besides controlling the tempo of chemical changes in organisms, the 
biocatalysts also control the specificity of these changes. They are not 
the sole controlling factors, because not only must essential atoms and 
molecules be present in the food and milieu, but these must also reach 
the biocatalyst areas by diffusion and circulation at suitable speeds, and 
reaction products must likewise be disposed of by local utilization or by 
removal. 


Heat in Biological Reactions 

Since the heat liberated at or near a biocatalyst surface may inactivate 
or destroy the heat-sensitive enzymes, operative natural processes must 
be provided to dispose of this energy. If the entire heat of oxidation of 
dextrose in the body (700 Cal per mole) were suddenly released, the 
enzyme system would be inactivated or even charred. However, bio¬ 
logical catalysts are protected against such an occurrence. Thus, the 
heat set free by the bacterial oxidation of organic substances is so slowly 
evolved that farmers can utilize “steaming” manure in hot-beds and in 
trenches safeguarding buildings in the winter. Similarly, industrial cata¬ 
lysts may be protected. For example, the use of iron tubes filled with 
mercury (which boils at 357° C) is described in a patent, 1 to prevent 
catalyst fusion caused by the high reaction heat which is released when 
phthalic anhydride is produced by passing a mixture of air and naph¬ 
thalene vapor over a vanadium pentoxide catalyst. To cite an applica¬ 
tion of “cooling protection” drawn from every-day experience: a grind¬ 
stone will quickly ruin the temper of an axe if cooling water is not 
properly supplied. Pliny 2 observed that an oil-whetstone gives a keener 
edge than a water-whetstone. Lubrication by the oil prevents the local 
frictional development of too high a temperature, and is more effective 
than water in maintaining the temper of the cutting edge. 

Three factors dominate the protection of the organism against damage 
by biochemically-liberated heat: 

(1) The reactions usually take place in a stepwise manner; there are 
a series of chemical changes, each of which is mediated by its own spe¬ 
cific biocatalyst. 

(2) Each intermediate substance must move from the place of its 
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production to the next catalyst area in the series; this demands time . 
The various reactions thus take place intermittently and in a spotwise 
manner, the increments of heat being liberated in variable “quanta” at 
different localities. 

(3) The several chemical changes take place in aqueous media, so that 
water with its high specific heat not only prevents too great an increase 
in local temperature, but also conserves heat locally. In the case of 
large organisms, the internally-liberated heat is carried to exterior sur¬ 
faces by circulating fluids and is there radiated away. It seems likely 
that the sufferings of the packed-in victims of the “Black Hole” of Cal¬ 
cutta were largely caused by the inability to radiate away body heat, and 
not exclusively to lack of oxygen and excess of carbon dioxide. 

The importance of phosphate in biological oxidation, observed by 
Pasteur (1860) and confirmed by Young and Harden (1905), is being 
intensively investigated by the Cori, Lipmann, Meyerhof, and Kalkar 
schools, among others. Summing up recent views Brody 3 stated: 

. some phosphate esters serve as temporary biologic energy 
reservoirs, analogous to charged batteries. Thus, according to Cori, the 
synthesis of 6 molecules of glucose phosphate is coupled, or associated, 
with the oxidation of one molecule of glucose. A mol of glucose phos¬ 
phate, therefore, has a labile energy increment which, depending on the 
energetic efficiency of the process, may be as high as 115 Cal (one-sixth 
of about 700 Cal, the free energy of glucose). This is, presumably, what 
Lipmann refers to as phosphate-ester bond energy, the main form or 
source of anaerobic energy as illustrated by the reaction: 

Glycerophosphate + H2O Glycerol + Phosphate + Energy 

. . . The phosphate group also catalyzes the oxidation and transport of 
fats. Other inorganic elements may participate in the oxidation of fat 
and perhaps its transformation to carbohydrate.” Most electron donors 
(metabolites) must be phosphorylated as the preliminary step, for phos¬ 
phorylation and oxidation are indeed coupled reactions. 

What is the mechanism whereby the so-called “energy-rich” phosphates 
are able to deliver their energy to facilitate chemical change? While it is 
conceivable that in some cases energy may be transferred without loss 
from one molecular grouping to another, it seems reasonable to believe 
that despite the cooling effect of aqueous media, the heat liberated by 
chemical changes may increase the kinetic motion, resonance, or intra¬ 
particulate activity of some molecules, so as to give them momentarily 
what corresponds to the effect of a relatively high temperature. A mole¬ 
cule or a specific portion of a large molecule (including the catalyst) 
could thus become highly reactive, and the thermal energy could be 
locally utilized without any dangerous increase in local temperature. 
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In considering the significance o£ coupled reactions for the enzymic 
hydrolysis and synthesis of proteins, Bergmann and Fruton 4 observe that 
the thermodynamic data alone indicate merely the approximate amount 
of energy needed to make the system operative. “We must therefore look 
for the specific physical and chemical mechanisms which make possible 
the synthesis of peptide bonds.” The work of Schoenheimer “led him to 
the view that in the dynamic equilibrium between proteins and amino 
acids in the tissues, peptide bonds are continually being broken and re¬ 
formed under the catalytic influence of the tissue enzymes.” The violent 
Brownian motion seen in the ultramicroscope gives some indication of 
the much more violent but unseen molecular agitation at lower levels of 
structure, which is greatly increased by locally-liberated heat. 


Efficiency in Biocatalysis 

A standard cadmium storage battery or cell, if slowly charged and dis¬ 
charged, may approach 100 per cent efficiency; but for steam engines the 
efficiency is about 20 per cent, for gas engines about 25 per cent, 
and for Diesel engines about 40 per cent of the fuel energy (although 
the results in many cases may fall far below these figures). Much of the 
energy is radiated away as heat, as is also the case with animals. How¬ 
ever, animals utilize much of the energy in their foods in chemical 
processes involving syntheses which require heat and lead to growth, re¬ 
production, or maintenance. While the efficiency of some of these syn¬ 
thetic processes may be low, the waste heat may be needed to initiate or 
speed up other processes, as well as to maintain body temperature, so 
that the overall utilization of the food energy is high. Rahn 8 estimates 
that one Calorie in food liberates the following amounts of heat (in 
Calories) in various organisms: pig, 0.2 to 0.4; trout, 0.18 to 0.31; cock¬ 
roach, 0.34 to 0.35; mold, 0.58 to 0.70; colon bacillus, 0.13 to 0.24; 
pseudomonades, 0.21 to 0.22. Nitrobacter , in using the energy derived 
from the oxidation of nitrite to nitrate, to assimilate carbon from carbon 
dioxide, shows an efficiency of only about 6 per cent, and autotrophic 
bacteria, in producing ammonia from atmospheric nitrogen, approximate 
only 3 per cent efficiency. Much depends upon the criteria used to cal¬ 
culate “efficiency”; agriculturists may estimate it in terms of marketable 
products—wool, meat, fat, eggs, milk, skins or hides, manure. As the term 
“horse-power” indicates, muscular energy may also be important. If all 
factors are considered, the gradual liberation of energy by serial catalyst 
changes will add up to a rather high efficiency figure. 

The large-scale industrial production of many organic and inorganic 
compounds is being carried out and extended because both the active 
catalyst surfaces and the operating conditions are closely controlled. De- 
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spite the extreme sensitiveness of biocatalysts (enzymes), many microor¬ 
ganisms (yeasts, molds, bacteria) are successfully used in producing al¬ 
cohol, citric acid, lactic acid, penicillin, etc. With the higher plants and 
animals, the number of catalyzed reactions regularly carried on is enor¬ 
mous. The fact that the ship of life can steer a more or less definite course 
in the various and variable conditions it must meet, indicates how gen¬ 
erally dependable are the catalytic mechanisms not only in carrying on 
the chemical processes essential to the existence and maintenance of the 
organism, but also in adapting themselves to new conditions which con¬ 
tinually arise in the life of individuals and of the race. A basic factor in 
the adaptability of living things is their power to develop novel catalyst 
surfaces, or neocatalysts , which, by altering the nature and/or rate of the 
chemcial output, give a new direction to the course of life. 


How Do Neocatalysts Arise? 

Neocatalysts may be formed de novo by the aggregation of subunits in 
such a manner that there is formed a new surface mosaic which is cata- 
lytically functional in a novel way. For example, thiamin is first converted 
into a pyrophosphate to act as an activating or prosthetic group which, 
on being taken up by a suitable carrier, forms the enzyme cocarboxylase. 
Neocatalysts may also arise by the alteration of an existing catalyst sur¬ 
face, a process which the author terms modification. One cannot be too 
dogmatic about this terminology, for the creation of a catalyst surface 
de novo is simply a limiting case, where the catalytic activity of the earlier 
surfaces is zero. 

The main ways by which catalyst surfaces are modified are: (1) by 
physicochemical readjustment which does not involve the addition of new 
material to the catalyst mass (e.g., electroversion, 6 some types of gene 
mutation); and (2) by additions to, or subtractions from, the catalyst 
surface. 

Novel prosthetic groups and carriers may appear in an organism in 
quite a number of different ways: e.g., from foods (vitamins); as a result 
of a gene mutation; because they are set free by elution, deflocculation, 
or chemical reaction; from the invasion of a pathogenic or a helpful 
organism, or through a symbiosis.* Svedberg has shown that aggregation 
and deflocculation may follow slight ionic changes, or the presence of 
minute amounts of specific substances; and catalytic potency may appear 
or disappear with these changes. Often the insertion of a single metal 

* For example, the mold and the alga, which constitute a lichen, cannot now survive 
independently in nature, although each can be cultivated separately in the labora¬ 
tory. . . . Prof. L. R. Cleveland killed the endameba "messmate” of termites by 
increased oxygen pressure, and the termites died because they cannot digest wood, but 
simply absorb products of the messmate's catalysts. 
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atom into a surface may establish, intensify, or alter its catalytic action. 
Thus, only iron phthalocyanine exhibits marked catalase activity; the 
cobalt and nickel compounds act feebly. 

Promotors , as they are called in industry, are substances introduced into 
a catalyst surface to favor the formation of desired products. The sup¬ 
pression of undesirable reactions may be of equal importance, and may 
be effected by “beneficial poisoning” of limited catalyst areas; for as 
Taylor showed (1925), catalysts may have more than one specifically- 
active facet. Thus, nickel, poisoned by thiophene for the hydrogenation 
of benzene, will hydrogenate ethylene; and even when poisoned for both 
of these reactions, will still serve for the reduction of nitrobenzene. On 
the other hand, a “poisoned” catalyst surface may be liberated for activity 
by the removal of inhibitors; e.g., dimercaptopropanol, known as BAL 
(British anti-lewisite), 

OH SH SH 
C—C—G 

h 2 h h 2 

serves as an antidote in poisoning by arsenic or mercury, probably because 
its active SH-groups remove the metal atoms from the SH-groups of the 
poisoned catalysts. Slight changes in catalyst surfaces may be most signifi¬ 
cant, giving rise to a neocatalyst which can introduce and perpetuate a 
new chemical output. 

Let us now consider some of the basic phenomena of biology and 
medicine in the light of the comparatively recent notion of neocatalysts. 


Self-Saving Catalysts in Immunology and Serology 

Immunity, in its medical sense, means successful resistance to disease, 
and is commonly brought about by specific substances which “kill” or 
inactivate the catalysts of invading pathogens, or nullify the action of 
harmful substances produced by pathogens. These protective or neu¬ 
tralizing antibodies are often found in the blood serum after a natural 
or an induced infection (active immunity), or they may be formed in the 
blood of another animal and then separated and injected to produce 
immunity (passive immunity). Antibodies may enter the blood of the 
new-born from the mother and persist for a time. Serology, the science 
of blood sera, is a term more limited than immunology, although some¬ 
times erroneously used as a synonym. 

Conditions may affect immunity. For example, the immunity of chick¬ 
ens to anthrax is attributed to their high body temperature (about 
103°F); for a chicken chilled in ice water and then inoculated with 
anthrax develops the disease. 

In order to be effective, antibodies must be able to persist in sufficient 
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quantity and to reach the pathogen or its products in good time. We 
have much to learn about the various factors which produce or prevent 
immunity in different animals for specific pathogens. 

The Mechanism of Antibody Formation. About 1925, the work of the 
Bragg's on crystal structure, and of Langmuir and others on specific 
adsorption, led the author to visualize the formation of specific anti¬ 
bodies against specific antigen particles. These antigen particles ma^ up 
a “master mold” capable of shaping great numbers of particles (not 
necessarily single molecules) having a surface pattern specifically the 
reverse of that of the mold. In discussing this notion privately with 
scientists of all kinds, and also publically in lectures before the American 
Chemical Society and elsewhere, the writer used a coin to represent the 
specific antigen surface and showed that on pressing a piece of tinfoil 

Duplicate of template 
surface 

(Illustrating autocatalysis) 

Reverse of template 
surface 

(Illustrating antibody formation) 

Template surface 
(Illustrating gene or antigen area) 

Figure 1. Diagrammatic section of a specific surface/ show¬ 
ing the complementary relation between reproductive catal¬ 
ysis (autocatalysis) and antibody formation. 



against it, the near surface of the foil acquired the precise reverse pattern. 
The upper surface of the foil made a duplicate of the coin surface, a 
model for reproduction at the molecular or near-molecular level of 
structure (Figure 1). 

Following five or six years of open discussion which revealed no valid 
objection to this notion and no imaginable alternative, a brief paper was 
prepared and sent first to one, and then to another American biological 
journal; both rejected it, one highly-placed referee writing that “there 
are an infinite number of similar speculations possible.” The paper was 
therefore sent to Protoplasma, where it was published in October, 1931. 
Boyd, in his book, “Fundamentals of Immunology,” states: “The first 
theory of antibody formation which still seems at all probable today is 
that put forward independently by Breinl and Haurowitz, 7 Alexander, 8 
and Mudd 9 (see Hooker and Boyd 10 ).” A copy of the Protoplasma paper 
was sent to Miall, editor of Chemistry and Industry (London), who wrote 
an editorial 11 in 1932, in which he used the apt term “template” to de¬ 
scribe the master-mold function of the antigen (see also Alexander 12 ). 
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Since then, many others have used the term “template in this connec¬ 
tion, as well as the tinfoil model, apparently in ignorance of the origin of 
these ideas. 

Without going into further detail, it is evident that we have here a 
mechanism whereby a foreign substance introduced into the body might 
direct the formation of particles of opposite contour. Where this does 
occur, and the specificity of the reverse surface is maintained, and the 
blood serum can be shown to carry specific antibodies, the foreign sub¬ 
stance is called an antigen. In effect, the antigen acts like the prosthetic 
group of a catalyst. For this reason, Sevag™ called his book on im¬ 
munology “Immuno-catalysis.” 

It is obvious that the ability to form neocatalysts capable of producing 
lasting and efficient antibodies constitutes an important factor in evolu¬ 
tionary survival; for organisms are thereby protected against pathogens 
which, apart from producing harmful substances, may utilize or destroy 
molecules essential to the welfare of the host. Such neocatalysts may, 
therefore, be termed “self-saving catalysts.” 


Embryology—the Catalyst Entelechy in 
Morphogenesis and Differentiation *' 

It was only about 125 years ago (1827) that von Baer first observed a 
mammalian egg, that of a dog. The eggs of rodents (rats, mice, guinea 
pigs) are about 70 to 85 microns in diameter; those of horses, dogs, sheep, 
goats, pigs, whales, monkeys, apes and man are about 140 microns. Yet 
these almost microscopic spherical units contain determinants which en¬ 
able them when fertilized by an appropriate sperm, to develop under 
suitable conditions into highly-specific though widely-differing individ¬ 
uals. 

In attempting to account for this regularly-occurring miracle, let us 
estimate what the tiny fertilized ovum (called the zygote) means in terms 
of molecules, figuring molecular dimensions at 0.2 to 5.0 millimicions 
(ra.fi) and the zygote as a sphere whose diameter is 100 microns, that is, 
100,000 rap.. The volume of this sphere (v = i/ s ■ r 1 ) is approximately 
262 x 10 12 m fi s , that is, 262-million-million cubic millimicrons. Since a 
major portion of the molecules in the zygote are small ones (water, salts, 
dextrose), there is ample room not only for the chromosomes (gene 
strings), enzymes and other inclusions, but also for many many millions 
of highly specific molecules supplied mainly by the cytoplasm of the 
ovum, but in part by the sperm of the father. It is quite possible, there¬ 
fore, for the zygote initially to contain, in addition to the Mendelian 
genes and many specific enzymes, enormous numbers of specific molecules 
and ions capable of serving as modifiers of existing catalysts, or as pros- 
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thetic groups or carriers to form additional neocatalysts as development 
proceeds. The introduction of other molecules from food, from the 
milieu, and from symbionts or their activities, offers many possibilities 
for the formation of still other neocatalysts, with new chemical ambits, 
leading on and on. 

The major portion of our food molecules are oxidized or otherwise 
disposed of as “fuel," so to say, in the fires of life's enzymic catalytic 
processes; but many remain for a longer or shorter time in body fluids, 
cells, and other structures, and some, especially vitamins, iodine, iron, 
and copper, take part in the formation of specific catalysts. The body is 
continually wearing out changing and replacing the various particulate 
units of its structure, fluids, and operative mechanisms. Experiments with 
tagged atoms indicate that there may be a slow replacement of atoms in 
the constituent chemical compounds of bones and teeth. Most molecules 
are transient guests in the hotel of our bodies, and in the course of our 
development anatomical structures appear, only to undergo profound 
change, reconstruction, or total or partial obliteration. Sometimes resi¬ 
dues remain to remind us, e.g., the lachrimal caruncle, and the appendix. 
All this is well known to anatomists and to comparative embryologists, 
and led von Baer to the view that each individual in the course of its 
development passes through many of the type forms of its phylogenetic 
group. This process is termed recapitulation. 

Embryologists have long recognized the fact that specific substances, 
small in mass but potent in effect, dominate the development of the 
zygote. The term organizer , introduced by von Spemann, is defined by 
Needham 14 as . . A living part of an embryo which exerts a morpho¬ 
genetic stimulus upon another part or parts, bringing about their de¬ 
termination and the following histological and morphological differ¬ 
entiation. The organizer which acts first in development is known as the 
Primary or First-grade Organizer those acting at successive stages are 
known as Secondary (Second-grade) and Tertiary (Third-grade) Organiz¬ 
ers. The appearance of the latter is generally dependent upon the prior 
function of the primary organizer, which, therefore, seems to be more 
manifold in its inductive effects. The chemical substance emitted by 
an organizer is called an Evocator 

The term “induction” 18 is thus defined as “. . . The morphogenetic 
effect brought about by an organizer, inductor, evocator, etc., acting on 
competent tissue." And “competence” 16 is described as “The state of reac¬ 
tivity of a part of an embryo, enabling it to react to a given morpho¬ 
genetic stimulus by determination and differentiation in a given direc¬ 
tion. An embryonic cell develops as many competences as it has prospec¬ 
tive potencies or possible morphogenetic fates. Generally speaking, de¬ 
termination to proceed to one morphogenetic destination cancels the 
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other competences previously possessed by the cell. Competences uppear 
in a succession at definite stages of development and later disappear, 
whether or not any of them have been implemented by the appropriate 
morphogenetic stimulus. Some competences exist in the adult tissues, 
if we may so term the states of reactivity to hormone action, though these 
effects are generally reversible.” 

It will be observed that these definitions all describe effects, and give 
no hint as to the mechanisms whereby the effects are brought about. 
Although the isolation, identification, and synthesis of biologically-active 
chemical substances (e.g., vitamins, hormones), as well as the demonstra¬ 
tion of the surprising effects produced (biotin is effective in a dilution of 
1 part in 400-billion) fill us with wonder and admiration, and many scien¬ 
tists have received or deserve to receive Nobel prizes for their work in 
this and allied fields, all will end in verbiage unless we utilize these 
splendid results to carry through and explain the mechanisms whereby 
“organizers” organize, “evocators” evoke, and “inductors” induct.* It is 
submitted that the concept of catalysts, and especially neocatalysts, sup¬ 
plies the basis for the main mechanisms, although many other factors 
are also simultaneously active and important. 

To epitomize: a reasonable deduction from evidence in many fields is 
that organizers, evocators, inductors, etc., operate largely by furnishing 
specific particulate units which help to establish neocatalysts, by serving 


* Many who know Goethe as a great poet and philosopher, arc unacquainted with 
the fact that in the Weimar edition of his works (126 volumes) his “Wissenschaftlische 
Werke” occupy 12 volumes, and that in 1817 he introduced into biology the term 
“morphology.” His interest in science was profound, and the writer, therefore, would 
like to present a rather free translation of the celebrated lines from “Faust” (Part I, 
lines 1629 to 1646), where Mephistopheles, disguised as Dr. Faustus, is cleverly mis¬ 
leading a student who, burning with idealism and ambition, has come to ask advice 
from the great professor. 


Mephistopheles: 


Student: 

Mephistopheles: 


I would not guide you wrongly here. 
Considering this science rightly, 

Tis hard to avoid the wrong road’s terror; 
Much hidden poison, seeming sightly. 

Is used as medicine, in error. 

Tis best to hear one single master. 

Swear by his words and dodge disaster. 

In general, stick to words and sec 
How quick this gets you your degree 
From university or college. 

But words must hold some concept, knowledge. 

Of course! Be not disturbed by that; 

For where ideas are lacking, flat, 

A word provides your rescue, pat. 

With words you’ll argue full and fair, 

With words a system you’ll prepare, 

In words you’ll faithfully believe, 

Of every word each sliver you’ll retrieve. 
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either as prosthetic groups or carriers, or as modifiers of existing catalysts. 
In some cases, the specific substances may alter the permeability of septa, 
thus affecting diffusion to and from catalysts; or they may serve as de- 
flocculators of aggregates or as aggregators; or as inhibitors or removers 
of inhibitors by a detergent-like action; or they may preempt prosthetic 
groups or carriers and thus interfere with the formation of certain catalyst 
enzymes. For example, insulin inhibits a certain pituitary hormone. With 
the establishment of a nervous system, nerve influences are added to those 
of any circulatory system as an additional remote control. Nature explores 
and utilizes, where feasible, most—if not all—possible mechanisms, pro¬ 
viding they lead to the formation and operation of catalysts whose chem¬ 
ical outputs yield a morphology and physiology advantageous to the 
organism. 

From this point of view, competence, “the state of reactivity,” simply . 
means that the organism or part involved maintains or receives in opera¬ 
tive state, and at the critical time, the specific molecules or other units 
which can serve as prosthetic groups, carriers, modifiers, etc., which en¬ 
able it “to react to a given morphogenetic stimulus” (i.e., to specific mole¬ 
cules or other particles from organizers, evocators, inductors, etc.) “by 
determination and differentiation.” Expressed in material terms, this 
means that specific molecules, etc., from cells, tissues, etc., interact with 
specific molecules, etc., from organizers, etc., to form neocatalysts which 
give new and often surprising quirks to the course of life processes. As 
new catalysts are formed modified, inhibited, released, or destroyed, new 
catalyst formers or modifiers may come into being and existing ones may 
vanish. The numerous, complicated, and mostly unknown chemical 
changes are understandable in material terms, at least in principle, at 
the catalyst level. The ability to form catalysts which lead to the clinical 
syndrome of cancer, seems in some cases to represent a competence which 
persists or is established or reestablished on ageing. In some cases, the 
cooperation of an invader (e.g., Rous virus) is essential or helpful. 


Evolution 

Evolution stems from the heritable transmission of advantageous neo¬ 
catalysts and/or substances or units which determine the formation of 
advantageous neocatalysts. While most abnormalities are harmful, it occa¬ 
sionally -happens that some deviation from the normal is advantageous 
under existing conditions. If such an advantageous abnormality is carried 
over to descendants, these may coexist with, or even replace the normal 
form, thus registering a step in evolution. If this happens in a state of 
nature, it is “natural selection” (Darwin) or the “survival of the fittest” 
(Spencer). Artificial selection or “breeding” has been practiced by men 
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from time immemorial by selecting plants or animals having desirable 
features, feeding them well, protecting them against competitors and 
predators, and controlling their matings. Such pampered individuals gen¬ 
erally succumb in a state of nature—weeds quickly run out most cul¬ 
tivated plants. Surveying the passing landscape from a train, we see fields 
where plants and animals show the effects of human selection and pro¬ 
tection; but the uncultivated areas show a highly-variable succession of 
wild grasses, herbs, shrubs, and trees, each group fighting to maintain its 
suitable habitat against competitors striving to take it. 

Evolutionary competition may be observed at a variety of structural 
levels; e.g., reproductive (sterility vs. fecundity); sexual (success with the 
opposite sex); ability to meet milieu conditions (to become a predator or 
to foil predators, to secure food, to survive the vicissitudes of the environ¬ 
ment). But none of the advantages any individual may develop can count 
in evolution unless it is passed on to descendants, and this transmission 
is accomplished mainly through the germ plasm (although with the 
higher animals the young are taught much by their parents). How are 
differences established in the germ plasm, and how are they transmitted 
to offspring? 

The germ plasm consists of two portions: (1) the gene strings or chromo¬ 
somes; and (2) the cytoplasm of the gametes. Geneticists have shown that 
individual genes may undergo “point mutations” whereby their influence 
on heredity is altered; and also that whole blocks of genes may be in¬ 
volved in heritable changes by inversions, deletions, translocations, and 
by the duplication of whole chromosomes (diploidy, polyploidy). On the 
basis of these proofs, and the inability to demonstrate satisfactorily that 
anything besides the gene strings dominates heredity, many geneticists 
were led to the view that cytoplasmic inheritance factors are nonexistent 
or of minor importance. However, it is now well-recognized that the 
cytoplasm contains not only many specific enzymes and molecules which 
play an important role in heredity, but also more complicated structures, 
e.g., plastids and mitochondria, which seem to be able to reproduce them¬ 
selves. Recent work has shown that the cytoplasm may also contain a 
variety of particulate units which function somewhat as though they are 
free-living genes. These have been given such names as cytogenes, genoids, 
pangenes, cytoplasmic factors, plastogenes, neurogenes, plasmagenes—all 
of which show the reluctance of biologists to envisage the catalytic func¬ 
tion of these units. In his paper “Beyond the Gene,” Sonneborn 17 distin¬ 
guishes three types of plasmagenes: (1) initiated by genes; (2) maintained 
but not initiated by genes; and (3) independent of genes. “Plasmagenes 
differ from nuclear genes, so far as now known, only in their location 
in the cytoplasm instead of the nucleus. To embrace the whole of what is 
now known concerning the determination of heredity traits, the theory 



JEROME ALEXANDER 


249 


of the gene needs only to drop the specification as to the location of the 
gene. Stripped in this way, the theory of the gene reduces to the brief 
statement, ‘Heredity traits are determined by self-duplicating, mutable 
units/ ” 

We are here maintaining the now old, but insufficiently appreciated 
view, that all these units (genes, plasmagenes, or whatever the words used 
to describe them) function either as biocatalysts to direct the chemical 
changes underlying all life processes, or else to produce essential units 
which form part of other biocatalysts with like function. The three types 
of plasmagenes mentioned above may be explained thus (using the same 
numerical order): (1) Genes may form, catalytically, duplicates of the 
whole or of any part of their specific surfaces. Two or more of these 
particles, if set free independently, may unite to form a specific catalyst 
unit. (2) Genes may catalyze the formation of particulate units which 
constitute essential parts (e.g., carriers, prosthetic groups) of enzymes or 
of other catalyst units. (3) Nongenic catalysts in the cytoplasm (e.g., 
mitochondria, plastids, enzymes) may catalyze the formation of subunits 
which can unite to make more of the nongenic catalysts, without the 
necessity of using any substances catalyzed by genes. These suggested 
mechanisms are by no means final, for the chemical changes catalyzed in 
a single cell are of formidable complexity, and the course of nature is 
not limited by our present inability to understand or to analyze every 
detail. 

It is evident that we have in neocatalyst formation a mechanism 
whereby nongenic changes in bionts might he transmitted to offspring. 
Fortunately, this is not the usual and dominating procedure; otherwise 
we would have a veritable Babel of bionts. However, it does indicate how 
the inheritance of “acquired characteristics” might be understood, in such 
cases where valid proof of such inheritance is found. We may here repeat 
the wise statement of Conklin: 38 “The classic argument of the Weis- 
mannians was that we can conceive of no mechanism by means of which 
somatic changes can be carried back into the germ cells, and therefore 
there is no such mechanism . Now the fallacy of this argument is obvious; 
even if we could conceive of no suitable mechanism for this purpose, this 
does not preclude the existence of such a mechanism.” Cunningham sug¬ 
gested 19 that “hormones” (used in Starling's original sense, “to stir up, 
or excite”) could produce modifications in the soma by external stimuli, 
which “could affect the determinants in the gametes in such a way that 
the modifications would be inherited . . . real substances of the nature of 
special chemical compounds take the place of the imaginery gemmules of 
Darwin's theory of pangenesis or the ‘constitutional units' of Spencer. . . 
there are two kinds of variation in evolution, one somatogenic and due to 
external stimuli, acting either directly on passive tissues or indirectly 
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through function, and the other gametogenic and due to changes in the 
chromosomes of the gametes which are spontaneous and not in any way 
due to modifications of the soma. Adaptations are due to somatogenic 
modifications, non-adaptive diagnostic characters to gametogenic muta¬ 
tions. It is a mistake to attempt to explain all the results of evolution by 
a single principle.” * 

The paleontologist, Osborn, stated in the third of a series of addresses 
on the origin of species, that the theories of Buffon (direct action of en¬ 
vironment), Lamarck, and Darwin, usually regarded as contradictory, are 
really complementary, for they all turn on the question of inheritance or 
transmission of individual adaptation, which may furnish the key to 
evolution. “On the affirmative side paleontology proves in the long run 
of geologic or secular time that both Buffon and Lamarck, as well as 
Darwin, were right in their main conceptions: organs which do not pay 
their way or are starved by disuse slowly drop out of the germ-plasm; 
vitally essential organs are either absolutely stable or progressive. Why 
not therefore concede the truth of the great conceptions of Buffon and 
Lamarck, even if immediate inheritance by the germ is disproved in the 
great majority of cases? Why not concede the still greater conception of 
Darwin, misled as he was to time by the marvelously rapid evolution of 
the germ-plasm witnessed in artificial selections?” 

Disease and Drugs 

Since normal physiology is mediated by normal catalyst systems func¬ 
tioning under the normal range of conditions, it is evident that any 
change in the catalysts or in their operations may result in deviations 
in physiology, which, when sufficiently marked to elicit a clinical syn¬ 
drome (concurrent aggregate of symptoms), is called disease. Many dis¬ 
eases are now known to involve catalyst-enzyme deficiencies or excesses, 
but we still await further analysis of disease processes at the catalyst level 
which dominates the chemical, and therefore the physiological, output. 
The ancient Egyptians had medical men who specialized in diseases of 
the heart, lungs, stomach, eyes, etc., and a survey of modern medical 
books indicates that diseases are still classified on the basis of the part 
of the body most noticeably affected and often bear the name of the 
medical man who first described the disease or its cause to his fellows 
(Bright’s disease, Hansen’s disease). Many of the correct observations of 
earlier times are being more clearly understood in the light of present 
knowledge. Galen recognized four temperaments: (1) sanguine; (2) phleg¬ 
matic; (3) bilious or choleric; (4) melancholic. Later medical men spoke 

* A review of Cunningham’s book, by M. F. Guyer, appeared in The Journal of 
Heredity , 14, 136-8 (1923). J 
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of diathesis , a predisposition to certain forms of disease. Results were 
described, not causes or mechanisms. A hemorrhagic diathesis was de¬ 
fined as “a morbid condition marked by lessened coagulability of the 
blood and an abnormal liability to bleed at slight wounds.” Modern 
genetics has shown that this “diathesis” is carried by heredity, but does 
not indicate the physicochemical mechanisms responsible for the symp¬ 
toms. 

These older clinical aspects point up the fact that patients differ widely 
in potentialities, so that a particular patient must be treated, not a 
stereotyped “disease.” There are no rigid rules telling us how any in¬ 
dividual will respond to an infection or a drug, even though experience 
has taught us what is usual. These mainly genetic differences in individ¬ 
uals appear in colonies of animals kept for biological experiments and 
are found even in litter mates, so that they are a factor in judging the 
results of animal experiments. At a conference on “Animal Colony Main¬ 
tenance” (New York Academy of Sciences, 1945), Dr. Edmund J. Farris 
(Wistar Institute) stated that in his undergraduate days “type” experi¬ 
ments in mammalian physiology “hardly ever agreed with the textbook 
picture. This was common classroom experience.” Many scientists still 
do not realize that nature, especially in highly complex biological sys¬ 
tems, refuses to follow textbook rules rigidly. 

It is only comparatively recently that discoveries in various sciences 
have enabled us to trace the causes and processes of disease to lower and 
lower structural levels and to understand that perversions of biocatalysts 
and their operations may often confront the practicing physician with a 
puzzling clinical picture. Less than 100 years ago (1857), Pasteur read his 
epoch-making papers on lactic acid and alcoholic fermentation and told 
the French Emperor (1863) that his ambition was “to arrive at the 
knowledge of the causes of putrid and contagious diseases.” When, in 
1876, Robert Koch confirmed the earlier (1863) observation of Devaine 
that minute rods (Bacteridia) exist in the blood of animals dead of 
anthrax and are causative agents of this disease, Pasteur confirmed Koch’s 
work and convinced those who opposed it. Doubters were confounded 
when, in 1881, in the farmyard at Melun, twenty-five sheep protected by 
Pasteur’s vaccine survived massive inoculation with anthrax, while 
every one of the twenty-five unprotected control animals perished. 

Bacteriology and parasitology have done much in identifying and 
studying microorganisms involved in diseases, and often in isolating 
chemical substances from which successful vaccines may be produced. 
Biochemists have identified, synthesized, and studied the effects of num¬ 
erous chemical compounds potent biologically, many of them even in 
mere traces. But an adequate consideration of disease from the bio¬ 
catalyst level is still to be developed. Gout, of old “uric acid diathesis,” 
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was defined as “a condition of the system in which uric acid is deposited 
in the joints.” Osier, in his great book, 20 goes far beyond this banal 
statement, and refers to the catalytic aspect. “Uric acid, in the body al¬ 
most completely in the form of urates, is the end-product of purine 
metabolism in man, just as urea is the end-product of nitrogenous sub¬ 
stances of amino-acid ancl pyramidine origin. In man the end-product of 
purine metabolism is excreted as urate, there being no enzyme in man 
to break it down further to allantoin, as occurs in most mammals.” For 
most diseases the following information is given: etiology; pathology 
(where known); symptoms; prognosis; diagnosis; treatment. With this 
vast amount of practical knowledge there is included for some diseases, 
prophylaxis and epidemiology, but only rarely pathological physiology, 
although from the latter there emerges at higher structural levels the 
syndrome of the clinician. Progress in medicine demands increasing 
knowledge of mechanisms as well as of results . Biocatalysts dominate 
biochemical change, the basis of physiology. 

Some knowledge of the catalytic differences between animals is given 
by studies of detoxication, the mechanism whereby the organism elimi¬ 
nates certain poisonous substances. For example, fowls elimniate phenyl- 
acetic acid and its homolog, benzoic acid, by combining them with orni¬ 
thine, whereas all mammals combine benzoic acid with glycine and 
eliminate it as hippuric acid. Sherwin and Thierfelder 21 found that 
though the lower animals, including monkeys, combine phenylacetic acid 
with glycine and eliminate it as phenaceturic acid, man couples phenyl¬ 
acetic acid with glutamine and eliminates it as phenylacetylglutamine. 
Power (Fordham University), experimenting with a chimpanzee, found 22 
that this “man-ape” eliminates phenylacetic acid by the same biochemical 
mechanism as man. This result indicates a definite relationship between 
chemical mechanisms and the position of the animal in the taxonomic 
scale, just as has been found in the biochemistry of muscle. 

Most of the apparently conflicting views regarding the protean group 
of diseases called “cancer” are I'esolved if we consider the catalytic level 
of biological happenings; for the cellular catalysts (genes, enzymes, sym¬ 
bionts) dominate the chemical and physicochemical changes which lead 
a cell to abnormal self-duplication and the invasion of surrounding 
tissues. Since cancer cells duplicate themselves as cancer cells, it is evident 
that a heritable change may arise from quite a number of different 
initial causes, e.g., burns (kangri cancer of Kashmir), radiation (x-rays 
and radium), specific chemicals (3,4-benzpyrene, methylcholanthrene), 
biological invaders (Rous “virus,” liver fluke), the “milk factor” in mice 
(apparently a “virus”).* The initial cause may be transmitted on cell 


See Editor’s Note on p. 327 et seq. 
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division as a symbiont, or it may drop out after having established a 
neocatalyst pattern which is heritable, either by modifying a gene or 
establishing a self-duplicating unit within the cell. Irrespective of the 
precise mechanism involved, the result is called cancer if the cell goes on 
to abnormal duplication and the destructive invasion of surrounding 
tissue, often accompanied by the migration of cells from the cancer mass 
to initiate new growths elsewhere (metastases). Further aspects of this 
subject are treated by the writer in “.Life—its Nature and Origin.” 23 In 
some respects, plant galls and fasciation in plants (see e.g., paper by 
White 24 ) resemble cancers. 

Drugs. From the most ancient times people of all races and nations 
have acquired a great fund of knowledge about drugs and remedies, 
even though their ignorance of the operative mechanisms often misled 
them into doing unnecessary things and making incantations. The 
Chinese Emperor Shen Nung (2838 to 2798 b.c.) is said to have written 
the first Pen T’sao (“Native Herbs”) in three volumes which describe 
365 drugs. In the reign of Djoser (Zoser), first Pharaoh of the Third 
Dynasty (Old Kingdom), who ruled from 2780 to 2760 b.c., the great 
engineer and architect, Imhotep, did much to advance the healing art, 
and was deified as the God of Medicine, a name later given by the 
Greeks to Aesculapius. Our modern pharmacopeia is indebted to many 
sources: to China for stramonium, chaulmoogra oil, and ephedrine 
(ma huang); to the American Indians for cascara sagrada (from the 
buckthorn); to South American natives for quinine. The African pygmies 
are said to pursue a huge elephant for days, peppering his hide with 
arrows dipped in strophanthus until this potent heart poison brings him 
down. In more recent time, the active chemical substances have been 
isolated from many drug plants—morphine, strychnine, atropine. In 1868 
Brown and Fraser found that by introducing a methyl group into 
strychnine, theobaine, or brucine, the tetanizing action of these drugs 
was changed into a paralyzing one (Sir T. C. Allbutt). Later, synthetic 
drugs appeared: antipyrine (1883), phenacetin (1887), aspirin 1899), and 
salvarsan (1912). The medicinal value of the long-known sulfonamide was 
discovered in 1939, and still more recently penicillin, streptomycin, and 
many other potent products have been found and successfully utilized. 

Many drugs, especially those which act in minute amounts, operate by 
affecting specific enzyme systems. The ideal antibiotic is one which will 
inactivate or destroy the essential catalysts of an invading pathogenic 
organism without too much damage to the catalysts of the patient. The 
ratio between the minimum curative dose and the minimum lethal or 
poisonous dose is known as the therapeutic index, and in safe drugs the 
spread is a wide one. Organisms often react to the presence of drugs by 
developing immunity to them, so that the initial dose should be as potent 
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as conditions permit. In some cases, bacteria assume defensive forms, 
having a changed morphology and behavior, but still capable of produc¬ 
ing disease. The extreme complexity of organisms means that drugs may 
produce effects far removed from their initial point of action. Thus, 
inhibition of the catalysts of the respiratory center by cyanide or hydro¬ 
gen sulfide brings quick death. 
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ADAPTIVE FORMATION OF ENZYMES 
AND INFLUENCE OF NITROGEN NUTRITION 
ON THE ENZYMATIC ACTIVITY OF CELLS 


Artturi I. Virtanen 

Biochemical Institute, Helsinki, Finland 


Adaptation is a phenomenon characteristic of all living beings. Without 
adaptation it would be hard to understand how living things of some 
sort exist under all possible conditions on the globe. The life processes 
of cells depend on enzymes which, according to our present knowledge, 
are proteins. Whatever other groups may be joined to protein in the 
different enzymes are beyond the scope of this paper. Since metabolism 
reactions are catalyzed by enzymes, in the study of the adaptation phe¬ 
nomenon it is of special interest to examine the changes taking place in 
the enzyme system of cells under diverse conditions. 


Adaptive Enzyme Formation and Nutrition 

Primarily, attention is fixed on the role of nutrition in the enzyme sys¬ 
tem of cells. Experiments in this direction have been carried out in the 
laboratory of the Biochemical Institute since the 1920’s. In his doctoral 
thesis Karstrom 1 classified enzymes into two groups, depending on how 
their formation is related to nutrition. The constitutive enzymes are 
formed independently of the composition of the nutrition of the cell, the 
adaptive enzymes only when the substrate for the particular enzyme pro¬ 
vides the nutrition of the cells. Thus, for instance, many bacteria produce 
lactase, maltase, and saccharase only if lactose, maltose, and saccharose, 
respectively, are present in the nutrient solution. When such cells are 
transferred to nutrient solutions lacking the said disaccharides the re¬ 
spective enzymes disappear upon division of the cells. 

This remarkable dependence of enzyme formation on nutrition is 
highly interesting both chemically and biologically. Without discussing 
in detail the various aspects opened up by the concept of adaptive 
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enzyme formation we here report on two important observations on the 
formation of adaptive enzymes, made in the Institute laboratory during 
the 1940’s. 

Firstly, Virtanen and Winkler 2 showed that the formation of lactase 
in E. coli in lactose nutrient solution is neither a mutation phenomenon 
nor a selection, but an occurrence affecting all cells. This evidence was 
furnished in the following way: A coli-strain which was repeatedly culti¬ 
vated in saccharose nutrient solution (90 times during 180 days) and 
which did not show any lactase activity, was transferred to liquid lactose- 
agar nutrient (45°C). The lactose-agar contained sufficient bromcresol 
purple indicator to color the solution deep violet. Different dilutions of 
bacteria were made and the contents of the tubes were poured into Petri 
dishes. After two days at room temperature, colonies were formed which 
tvere encircled by a yellow zone because of acid formation from lactose 
(bromcresol purple changes to yellow at pH less than 6.2). In a parallel 
experiment with saccharose-agar, approximately as many colonies were 
formed, and the color of the indicator had also changed to yellow around 
all colonies. Table 1 records one of the experimental series. This result 


Table 1. Number of Colonies (per sq. cm) of Lactase-Free E. coli (K 3 ) on 
Lactose and Glucose-Agar 

Dilutions 




II 

III 

IV 

V 

Lactose-agar 

Countless numbers 

257 

74 

40 

2.1 

Glucose-agar 

Countless numbers 

281 

92 

44 

2.6 


is difficult to interpret except by assuming that practically all the cells 
have produced lactase on lactose-agar. 

Secondly, the same workers made the noteworthy observation that 
lactase formed through adaptation of short duration disappears rapidly 
after the lactase-containing cells are transferred to lactose-free nutrient 
solution; but not immediately after an adaptation of long duration. 2 
When E. coli was cultivated two hundred times successively in lactose 
nutrient solution and allowed to grow for two days each time—the 
number of generations was then already in the thousands—lactase did 
not disappear until after the ninth transfer to lactose-free nutrient 
solution (Table 2). 

The above results seem to suggest that through adaptation of long 
duration the enzyme becomes more and more stable. As both these and 
Spiegelman’s s experiments prove that the proteins of the enzymes may 
interchange in adaptive enzyme formation, the results could be inter¬ 
preted to mean that through the effect of a long-standing adaptation the 
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enzyme protein becomes more and more constant. Mutation of individual 
cells is, however, possible. All explanations of this phenomenon are, 
however, speculative so far. In this connection, reference is made to the 
lecture given by the writer in 1947, discussing this complex problem. 2 

The starting point for our latest research on enzyme formation and 
on the dependence of enzyme activity of the cells on their protein con¬ 
tent, was the idea advanced by Virtanen in 1942 4 that the entire protein 
of young, active cells is practically enzyme protein or “living” protein. 

Table 2. Stability of Lactase in E. coli Depending on Duration of Adaptation 


(E. coli Transferred from Glucose to Glucose Nutrient Solution for 1 to 9 Times After 
Training in Lactose Nutrient Solution for 1 to 199 Times) 


Number of 
Transfers 

Number of Transfers in Glucose Nutrient Solution 

in Lactose 








Nutrient 

1 

2 

3 

5 

7 

8 

9 

Solution 

Lf 10 4 

Lf 10‘ 

Lf 10< 

Lf lO^ 

Lf 10* 

Lf 104 

Lf 10 4 

1 

0 







10 

0 







20 

21 

0 






30 

72 

0 






40 

72 

10 






161 

170? 


69 

68 

44 


0 

181 

78 

66 

70 

71 

14 

0 


199 

105 

62 

37 

44 

24 

33 

0 


Lf 10 4 — about 700 in lactose nutrient solution. 


The protein content of cells would thus control the enzymatic activity 
of cells. As the protein content is a limiting factor in enzyme forma¬ 
tion, adaptive enzyme formation means a most effective utilization of 
proteins. Thereby the cell is able to form, when forced to do so, new 
enzymes at the expense of some other protein which is not indispensable 
at the moment. The greater the ability of an organism to form various 
enzymes by adaptation, the better its chances of survival in different 
nutritional conditions and in competition with other species. Adaptable 
organisms are not the first to disappear from the globe. 


Nitrogen Nutrition and Enzyme Activity 

If the above concept that practically all the cell protein belongs to 
enzymes holds true, it is to be expected that as the protein content falls, 
all enzymes may have lessened activity, or only some may retain their 
activity, while others may lose most or even all of it. This question can 
be approached experimentally because the protein content of unicellular 
forms can easily be reduced by cultivating the organisms in low-nitrogen 
solutions (bacteria) or by suspending the cell mass with normal protein 
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N % OF DRY BACTERIA 

Figure 1. Changes in the activity of different enzymes as affected by the 
N-content of E. co/i. All activities calculated on the basis of N-content of 
cells. 

Kat. f (N)*10" s — catalase effect (Virtanen and De Ley). 

If(N)*10 —saccharose effect (Virtanen and De Ley). 

Qo 2(N)’10~ 2 —respiration (De Ley). 

Z(N)*10 —aerobic acid formation (De Ley). 

Z N a(N)*TO — anaerobic acid formation (De Ley). 

Qh®(N)*10- 2 — H 2 formation from formic acid (De Ley). 

(N)*10~ 2 — CO 2 formation from formic acid (De Ley). 

Lf(N)*10 —lactase effect (Virtanen and Winkler). 

content in sugar solution under vigorous aeration (yeasts). In this manner 
Virtanen and De Ley 5 have obtained from E. coli cell masses with very 
different N-content, the extreme values being about 13 and 6.5 per cent N. 
The catalase activity of the cells proved to be almost independent of 
their N-content, but the saccharase activity fell abruptly while the N- 
content lowered even slightly. When the N-content of the cells decreases 
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from 13 to 11 per cent, there is only about 10 per cent left of the sac- 
charase activity. This corresponds approximately to the constitutive 
saccharase in E. coli. Saccharase is no longer formed by adaptation in 
low-nitrogen cells. These observations imply that enzymes which are 
indispensable to life in all conditions and which at the same time are 
constitutive, are retained rather well while the protein content of the 
cells decreases. On the other hand, enzymes which are not indispensable 
to life in all conditions and which are active only when a specific sub- 



Figure 2. Formation of soluble- and amino-nitrogen from casein by E. co/f. 

- . . f Curve I: NHa-N formed during 20 days, 

xperimen j Curve II: NH 2 -N formed during 5 days. 
p . 0 f Curve III: Soluble N formed during 17 days, 

xperimen | Curve IV: Soluble N formed during 6 days. 


strate provides the nutrition of the cell, lose correspondingly the major 
part of their activity or perhaps disappear entirely with decreased cell 
protein. These enzymes are often adaptive in microorganisms. The idea 
advanced by Virtanen as to the enzymic character of the cell proteins 
is supported by these experiments. 

Similar experiments have also been made with different microor¬ 
ganisms in regard to many enzymes and enzyme systems. In his doctoral 
thesis De Ley 6 reports on noteworthy findings in respect to respiration 
and anaerobic fermentation with the same strain of E . coli used earlier 
by Virtanen and De Ley. 5 Respiration weakened relatively little when 
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the N-content of the cells dropped to half. Anaerobic fermentation sur¬ 
prisingly came to an end when the N-content fell from 13 to 8 per cent. 
The formic hydrogenlyase disappeared entirely when the N-content fell 
only to 11 per cent. Figure 1 presents these results. 

Virtanen and Winkler 7 have observed that the proteolytic enzyme sys¬ 
tem of E. coli is retained very well when the N-content of the cells is 
lowered (Figure 2). 

Virtanen and Kokkola have studied the influence of nitrogen nutrition 
on the content of protease excreted into the nutrient solution by Pseudo¬ 
monas fluorescens. This enzyme or enzyme complex maintains its activity 
very well when growing in nutrient solutions of very different ammonium 



CASEIN-DECOMPOSING ABILITY Of PROTEASE (Ps. fluorescens) 

Figure 3. Dependence of the casein-decomposing ability of protease 
excreted by Pseudomonas fluorescens, on the ammonium sulfate concen¬ 
tration of the nutrient solution. 

Curves 

I II 111 IV V VI VII 
(NH4) a S0 4 0.05 0.1 0.5 5.0 10.0 15.0 25.0 

(gm/5-1 nutr. soln.) 

sulfate concentrations (Figure 3). Respiration of this organism is also 
well retained while the N-content of the cells decreases from 13.7 to 
5.4 per cent. Anaerobic fermentation, on the other hand, decreases 
noticeably. 

Experiments using Torula utilis -yeast were carried out with Aejme- 
laeus. These revealed that while the N-content of cells decreased to about 
half, or from nearly 10 to slightly below 5 per cent, the respiration 
intensity and catalase activity were very well retained. A small rise could 
be noted even when the nitrogen content decreased. Saccharase, too, 
which is a constitutive enzyme in Torula, retains its high activity surpris¬ 
ingly well (Figure 4). Only when the N-content is lowered to below 4 per 
cent—which can be accomplished by adding /S-alanine to strongly aerated 
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yeast suspension in sugar solution—are the activities of all these enzymes 
abruptly decreased. The viability of cells is by then very feeble. 

Weakening of the anaerobic fermentation in Torula when the N- 
content of the cells decreases to below 8 per cent is significant. The ob¬ 
servations made both with facultatively anaerobic bacteria and Torula 



Figure 4. The respiration and fermentation intensities and catalase and saccharose 
activities of Torula yeast. 

yeast on the weakening of anaerobic fermentation, suggest that the ac¬ 
quisition of energy by fermentation is difficult for these organisms and 
that much nitrogen nutrition is required for the process. 

The kind of changes in the amino acid composition of cell proteins 
brought about by a very low nitrogen concentration of the nutrient solu¬ 
tion has not yet been ascertained. But in experiments with Ps. fluorescens 
both the nitrogen fractions soluble and insoluble in trichloracetic acid 
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were determined in ammonium sulfate concentrations varying from 25 to 
0.05 gr am per 5-liter nutrient solution. The results illustrated by graphs 
in Figure 5 show that in the ammonium-ion concentration optimal to 
growth (10 grams (NH 4 ) 2 S0 4 per 5 liters) about 85 per cent of the total 
nitrogen content of the cell was insoluble in trichloroacetic acid. Proteins 
belong to this fraction. As the ammonium sulfate concentration in the 
nutrient solution decreases and the N-content of the cells falls, the per¬ 
centage of total nitrogen of the fraction insoluble in trichloroacetic acid 
Hirainisbps The differences, however, are not very great but still notice¬ 
able. As the fraction soluble in trichloroacetic acid does not contain 



Figure 5. Dependence of the growth and N-content of Ps. fluorescens on the ammonfum- 
suifate concentration of the nutrient solution. 

Curve Is Yield of bacteria (dry matter) per liter of nutrient solution. 

Curve II: N-content of bacteria (% of dry matter). 

proteins, it would be more correct to express the enzyme activity as a 
function of the nitrogen insoluble in trichloroacetic acid, rather than 
of the total nitrogen. We have, however, maintained the latter expression 
since the nitrogen fraction insoluble in trichloroacetic acid was de¬ 
termined in one experiment only. In any case, it is interesting that the 
amount of nitrogen nutrition, in addition to the nitrogen content of the 
cells, affects the mutual relations of different nitrogen compounds. It is 
also noteworthy that the superoptimal ammonium-ion concentration 
(25 grams (NH 4 ) 3 S0 4 per 5 liters) which begins to retard the growth of 
cells, also lowers the proportion of the nitrogen fraction insoluble in 
trichloroacetic acid (in per cent of total N). (See Table 3.) 

All the data recorded above show that by means of nitrogen nutrition 
it is possible to affect strongly the enzymatic machinery of cells. This fact 
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Table 3. Experiment with Pseudomonas Fluorescens 

(Percentage of N-Fraction, Insoluble in Trichloroacetic Acid, in Total N of Cells, and 
the Dependence of This Fraction on the Ammonium-Sulfate Concentration of the Nutrient 

Solution) 


Nutrient Solution 
(NHO 2 SO 4 g/5-1 

N-Content of Bacteria, 

% of Dry Matter 

N-Fraction Insoluble 
in Trichloroacetic Acid, 

% of Total N in Bacteria 

25 

11.5 

76 

15 

11.8 

81.8 

10 

12.4 

85.9 

5 

11.9 

84.3 

0.5 

10.1 

77.2 

0.1 

6.1 

76.4 

0.05 

5.4 

75 


opens new vistas in various directions. The amount of nitrogen nutrition 
may induce formation of new species either by mutation or slow evolu¬ 
tion. Observations on microorganisms may throw new light on the sig¬ 
nificance of low-nitrogen nutrition in human and animal feeding, in 
which enzyme systems may be similarly affected; it is difficult to demon¬ 
strate these effects in higher organisms. 
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SOME ASPECTS OF THE INTERACTION 
OF DRUGS AND ENZYMES 


Frederick Bernheim 

Professor of Pharmacology, Duke University Medical School, Durham, N. C. 


If a pharmacologist is defined as a man interested in the mode of action 
of drugs, he should be a perfect amalgam of a physical, colloidal, organic 
and biochemist—a physiologist, bacteriologist and probably a histologist 
as well. Few, if any, such individuals exist, and as a consequence, per¬ 
haps, there is no complete explanation of the action of any drug. More¬ 
over, it is possible that no complete explanation will be forthcoming 
until all the factors involved in the life of the cell and the whole or¬ 
ganism are known. All that the pharmacologist can do at the present 
time is to correlate data obtained by a number of individuals using 
different techniques, in order to obtain an approximation of drug action. 
The first necessity is, of course, a precise description of the effects pro¬ 
duced in animals by the drug, with particular attention to the exact locus 
of action. Once such information is available, it is sometimes possible to 
isolate the groups of cells primarily affected and to study the action of 
the drug in a more quantitative way. Results from such experiments may 
indicate whether the drug is altering the physical or colloidal state of 
the cell membrane, or is penetrating into the cell to affect one or more 
of the numerous catalytic activities which are the basis of the cell's 
metabolism. If the latter alternative seems more likely, various recognized 
biochemical techniques can be used in order to determine which of the 
catalysts are acted upon by the drug. 

It should be noticed that this approach is essentially analytical in the 
sense that no generalization or hypothesis is involved. All the older drugs 
were discovered empirically, and the pharmacologist has a tremendous 
backlog of work to explain their action. It is, however, unfortunately 
true that many of the newer drugs have also been discovered in the same 
way, and therefore pharmacology must still be considered incomplete. 
The ability to predict effects, as well as to analyze them, is the most 
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important characteristic of a scientific discipline. Thus, besides trying to 
find an explanation for the bacteriostatic action of the sulfa drugs, for 
example, the pharmacologist, knowing the metabolic and growth char¬ 
acteristics of an organism, should be able to indicate the compound 
which would specifically inhibit it. Predictions based on this type of 
reasoning have met with some success. Metabolic antagonists and vita¬ 
mers of various types inhibit growth of bacteria, and in some instances 
of animals as well, but no very potent therapeutic agent has as yet been 
developed. Predictions based on purely chemical reasoning have met with 
more success, as is evident in the development of the newer analgesics. 

Most drugs are changed to some extent in the body, and it is possible 
to look for the enzymes which catalyze the change. This search often 
leads to interesting but occasionally misleading results. The interest lies 
in finding an enzyme which attacks a drug, with a chemical configuration 
quite different from any metabolite hitherto found in the cell under 
normal conditions. This may lead to bemused speculation about the 
normal function of the enzyme, whether it has such, or whether its 
presence signifies some haphazard mutation, or a response to conditions, 
such as feeding habits in the past, which no longer prevail. Then, after 
all, the enzyme just discovered may actually play only a minor part in 
the overall metabolism of the drug in the body. This may be caused by 
permeability conditions which prevent the drug from coming in contact 
with the enzyme, or to physical conditions which concentrate the drug 
in cells which do not contain the enzyme. 


Cholinesterase 

It is the purpose of this discussion to illustrate some of the foregoing 
points by specific examples. The discovery by Loewi of the part played 
by acetylcholine in the transmission of nervous impulses, and of the 
inhibition of the hydrolysis of acetylcholine by eserine, was the initial 
impetus to the study of the effect of drugs on enzymes. It remains true 
today that the best correlation between the physiological action of a 
drug and its effect on an enzyme is found in the cholinergic system, 
particularly the autonomic part. The primary hypothesis is that any 
drug which inhibits the cholinesterase should give prolonged cholinergic 
effects when it is injected into the body. Certain modifying assumptions 
must, however, be made. It is known that acetylcholine is released at 
nerve endings and then combines momentarily with receptors in the 
muscle, after which it is hydrolyzed by the esterase. For the latter process 
to occur, acetylcholine must combine with the enzyme.* There are thus 

* A discussion of recent work in this field by David Nachmannsohn is given in 
1 Q 48 CXander * S " Life “~ Its Nature and Origin,” New York, Reinhold Publishing Corp., 
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two entities in close geographical proximity, both capable of combining 
with acetylcholine and therefore having presumably similar chemical 
configurations. A drug which inhibits the cholinesterase in vitro will also 
have an affinity for the receptors in the muscle when it gains access to 
the myoneural junction. Whether it combines with esterase or receptor 
will depend on the relative affinity it has for the two loci. If it combines 
with the esterase, transmission will be facilitated; and if it combines 
with the receptor, transmission will be depressed. Consequently, a drug 
which inhibits the esterase in vitro, such as atropine, may actually pre¬ 
vent transmission. 

Another factor which has to be considered is the innervation of the 
adrenal medulla. Adrenaline is released from this gland as a result of 
stimulation of a cholinergic nerve. Cholinesterase inhibitors may there¬ 
fore cause an increased release of adrenaline into the blood stream. 
Adrenaline, in general, has effects opposite from those of acetylcholine, 
and therefore the overall picture of increased cholinergic activity in the 
autonomic system, expected after the injection of the inhibitor, is blurred 
by the simultaneous increase of adrenaline effects. 

There are two enzymes which hydrolyze acetylcholine, the so-called 
pseudo- and true cholinesterases. They differ in distribution; the former 
is present in the plasma of most animals, the latter in the red cells and 
the brain. Other organs contain mixtures. The enzymes differ also in 
their substrate specificity, for the pseudo-esterase hydrolyzes benzoyl- 
choline but the true esterase does not. The concentration of acetylcholine 
for optimal hydrolysis is lower for the true than for the pseudo-esterase. 
Any drug which inhibits one enzyme will also inhibit the other. It is 
conceivable that such a drug introduced into the body may be bound 
by the blood enzymes which apparently have no immediate critical physi¬ 
ological functions, and that little, or none, of the drug is available to 
inhibit the enzyme in the brain, myoneural junctions, or other critical 
sites. The drug, therefore, may not produce symptoms until the blood 
enzymes have been saturated. Another factor related to this is that many 
enzymes are present in the body in concentrations higher than necessary 
for normal function. This is apparently especially so in the case of the 
brain cholinesterase. Mazur and Bodansky 1 have shown that in rabbits 
this enzyme must be inhibited more than 40 per cent by diisopropylfluoro- 
phosphate before symptoms appear. Even an 80 per cent inhibition may 
be compatible with life. Finally, the same enzyme in different animals 
may show different sensitivities to the drug. Table 1, taken from Mazur 
and Bodansky, illustrates this point. 

Despite these factors, the correlation between the in vitro and in vivo 
actions of diisopropylfluorophosphate is excellent. Not only do the dif¬ 
ferent sensitivities of enzymes from different sources demonstrated in vitro 
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appear in vivo after the animal is exposed to the drug, but most of the 
symptoms expected from increased cholinergic effects, such as tremors, 
salivation, respiratory difficulty, and gastrointestinal spasm are seen. 
Moreover, there is excellent correlation between the esterase-inhibiting 
potency and the toxicity of the group of compounds related to diisopropyl- 


Table 1. The Effect of Drugs on the Cholinesterase from Different Sources 


Drug 

Animal 

Neg. Log. Cone, to Produce 50% Inhibition 

Serum 

R.B.C. 

Brain 



Diisopropylfluorophosphate 

Rabbit 

Monkey 

4.1 

7.8 

5.2 

5.5 

5.5 

5.5 


Man 

7.7 

5.4 

6.0 

Eserine 

Rabbit 

5.9 




Man 

6.7 




fiuorophosphate, which strongly suggests that their entire effect in the 
body can be explained by the inhibition of the cholinesterase. The data 
in Table 2, taken from Jones et al. 2 show this. If the figures for inhibi¬ 
tion and toxicity are plotted, a straight line is obtained. With eserine or 
prostigmine the correlation is almost as good, with the exception of their 
action on certain spinal reflexes, which varies in different animals and 
which may find its explanation in the degree of esterase inhibition; for 


Table 2. Correlation Between the Effect of Different Drugs on the Cholineste¬ 
rase and Their Toxicity 


Formula 

Molar Cone, for 

50% Inhibition of 
Rat-Brain Esterase 

LDr,o for mice jxM/Kg 

(C 3 HfiO)2POOPO(OC 2 H 6 ) 2 

6.3 X 10-8 

4.0 

[(CaHsOlaOPOhPOCH* 

1.0 x io - 8 

9.5 

FPO[OCH(CH 3 ) 2 ] 2 

4.3 X 10^ 

48.6 

ClPO[OCH(CH 3 )J 2 

2.0 X IO” 6 

146.0 

/>-C1C 6 H 4 PO(OC2H b ) s 

1.6 X 10~ 5 

562.0 


it is well known that if too much acetylcholine accumulates, depression 
of transmission occurs. 

Many other drugs inhibit the cholinesterase but this can only be a 
partial explanation of their effects in the body. Morphine belongs in 
this category. It was first shown to inhibit the esterase by Bernheim and 
Bernheim, 3 and Eadie 4 demonstrated that it competed with acetylcholine 
for the enzyme. Many of the peripheral effects of the drug can be ex- 
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plained by this inhibition, but the drug also has central effects which 
in some cases counteract the peripheral, so that a precise analysis is often 
difficult. Its main therapeutic action, namely analgesia, cannot be ex¬ 
plained directly by enzyme inhibition. It is interesting, however, that 
two other powerful analgesics, meperidine and methadon, also inhibit 
the esterase. Gross et al 5 believe that by this mechanism the three drugs 
increase the adrenaline output of the adrenal medulla and the vasocon¬ 
striction thus produced is responsible, at least in part, for the analgesia. 
They base their evidence on the fact that drugs are much less effective 
in adrenalectomized animals and that drugs which antagonize cholinergic 
effects decrease the analgesic action. Finally, it is well-known that mor¬ 
phine and its derivatives are centrally-acting emetics. Kuhn and Surles 6 
have shown that apomorphine is a better inhibitor of the esterase than 
morphine which, in turn, is better than dilaudid or codeine. This is the 
order of their emetic effectiveness and suggests that inhibition of the 
enzyme in the region of the vomiting center may be part of the mech¬ 
anism by which emesis is initiated. 


Cytochrome Oxidase 

The cytochrome oxidase is probably more widely distributed in the 
animal body than is the cholinesterase and it performs an equally vital 
function, although in a different way. The cholinesterase is not essential 
to the life of any cell, but only to the life of the organism as a whole. 
Inhibition of it causes a disorganization which may result in death. The 
cytochrome oxidase, on the other hand, is essential for the activity of 
the individual cell, and death of the organism occurs when a drug 
inhibits the enzyme and thus the oxidative metabolism of the cell. 
Cyanide is an example of such a drug. It combines with the cytochrome 
oxidase so that the latter can no longer oxidize reduced cytochrome C in 
the presence of oxygen. This means that all the metabolites which are 
oxidized through the cytochrome system remain reduced and the cell is 
asphyxiated even though plenty of oxygen is available. The symptoms 
of cyanide poisoning should be the same as those of oxygen lack, with 
the exception that in the latter case the cell environment is depleted of 
oxygen and the cytochrome C remains reduced for that reason. Death 
from cyanide poisoning is more rapid than death from asphyxia because 
the cells in the latter condition can utilize all the oxygen in the blood, 
whereas in the former death occurs with completely oxygenated hemo¬ 
globin. The symptoms of asphyxia and cyanide poisoning are otherwise 
identical. They include respiratory stimulation through the carotid body, 
convulsions, adrenaline release, rise in blood lactic acid and finally death 
due to cardiac failure and paralysis of the medullary centers. It is thus 
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possible to conclude that the symptoms of cyanide poisoning are at¬ 
tributed entirely to the inhibition of one enzyme. 


Sulfhydryl Enzymes 

When drugs, such as cyanide, act primarily on one enzyme, analysis 
of their action in the body in terms of this effect can be fairly precise. 
But if a drug is known to inhibit a large number of enzymes, analysis 
becomes difficult; all one can really say is that the toxicity of the com¬ 
pound is thereby explained. Mercury, whether in the inorganic or or¬ 
ganic form, is a drug of this kind. Barron and Singer 7 have shown that 
mercury combines with sulfhydryl groups on enzymes and that in low 
concentrations this is its only action. By studying the action of mercury, 
under standard conditions, on a large number of enzymes, it is possible 
to divide enzymes into those that require free sulfhydryl groups for their 
action and those that do not. Further information on the function of 
these groups can be obtained by adding the appropriate substrate before 
the mercury. If this protects the enzyme, the substrate must be linked 
in some way with the sulfhydryl group to prevent its combination with 
the mercury. This occurs in the case of the succinoxidase. If the substrate 
does not protect, then the sulfhydryl groups are located at other sites 
in the molecule, and their presence there, like free amino, carboxy, and 
hydroxyl groups, contributes to the general electronic pattern of the 
enzyme. This work illustrates how analysis of drug action can increase 
the understanding of enzyme chemistry. It also offers a logical basis for 
the development of an antidote to mercury poisoning, which culminated 
in the discovery of 2,3-dimercaptopropanol * by Peters and his collab¬ 
orators at Oxford. Apparently the sulfhydryl groups of this compound 
have a greater affinity for mercury than do the corresponding groups on 
most enzymes. Mercury therefore combines with it, the enzymes are free 
to resume their normal function, and if cell dysfunction has not pro¬ 
ceeded too far the toxic symptoms disappear. 


Conjugation Reactions 

It is always somewhat surprising to realize that most drugs are changed 
when introduced into the body, since many of them bear little chemical 
resemblance to known metabolites. There are two general mechanisms 
available to the body to effect this change. First, the so-called detoxica¬ 
tion reactions, which have been known for a long time, involving the 

* This is known as BAL (British anti-lewisite) since it was used in World War I to 
counteract lewisite, an arsenic-containing poison. It is now used to combat poisoning 
by mercury and arsenic. 
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conjugation of the drug with some substance such as glycine, or acetic, 
glycuronic, or sulfuric acids. The conjugated product may or may not 
be less toxic than the original drug. These reactions take place mostly 
in the liver and some of the enzymes which catalyze them are probably 
there for the express purpose of dealing with potentially toxic com¬ 
pounds taken in with the food or formed by bacterial action in the 
intestine. The conjugation of phenol with sulfuric acid is an example 
of this. Any conjugation is a synthesis and, therefore, requires energy. 
This must be supplied by energy-yielding reactions in the cell, and for 
this reason the enzymes catalyzing these conjugations have not been 
clearly defined. In two cases, the conjugation of sulfanilamide with acetic 
acid and of /?-aminobenzoic acid with glycine or acetic acid, it has been 
possible to purify the drugs partly and to supply the needed energy by 
the addition of adenosine triphosphate. Table 3, taken from Lipmann, 8 


Table 3. Conjugation of 2.5 /xM of Various 
Sulfonamides with 50 /uM Acetate by Pigeon 
Liver Incubated for 20 Minutes at 37° 


Compound 

pM Conjugated 

Sulfanilamide 

1.09 

Sulfathiazole 

0.40 

Sulfadiazine 

0.30 

j&-Aminobenzoic acid 

0.62 


shows the relative rates of acetylation of various sulfa drugs and p-amino- 
benzoic acid. Sulfanilamide reacts most rapidly. It is of interest that 
substitution on the amide nitrogen reduces the rate of acetylation of the 
nitrogen on the ring at the other end of the molecule. It is probable that 
the reactions are catalyzed by the same enzyme which acetylates certain 
normal metabolites, since pantothenic acid is the coenzyme for both. 

When the conjugation of p-aminobenzoic acid with glycine is studied, 
the conditions are found to be more complex. Cohen and McGilvery 9 
showed that the reaction occurs in broken cell suspension of liver, but 
such preparations must be treated very carefully because freezing or 
hypo- or hypertonicity causes inactivation. Since these procedures should 
not affect single enzymes, it is probable that they disrupt an aggregate 
of enzymes, the orderly arrangement of which is necessary for the syn¬ 
thesis of this peptide bond. It is still problematic whether the reaction 
can be considered a model for the synthesis of proteins. Studies with 
labelled amino acids have shown that they can rapidly be incorporated 
into proteins by liver-cell suspensions under conditions comparable to, 
but not identical with, those which are optimal for the conjugation of 
^-aminobenzoic acid. 
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Hydrolytic and Oxidative Reactions 

The second mechanism for dealing with drugs is the actual alteration 
of the molecule by oxidation, reduction, or hydrolysis. Sometimes such 
changes are followed by conjugation, but more frequently the product 
is excreted as such. Four hydrolytic and one oxidative reaction may be 
considered here to illustrate some of the difficulties of interpretation. 
One of the older synthetic analgesic drugs is acetanilide. The question 
in the case of this compound, as well as many others, is whether the 
active agent is acetanilide itself or some metabolite of it. The formula 
of acetanilide suggests that hydrolysis into acetic acid and aniline could 
easily occur, and the aniline formed could then be oxidized. In fact, 
examination of the urine of individuals who had taken acetanilide 
showed the presence of some £>-aminophenol. This compound was tested 
and shown to have analgesic action. It also produces methemoglobinemia 
when injected, and methemoglobin is often found in the blood after the 
administration of acetanilide. The story therefore seemed fairly clear 
cut. Acetanilide was first hydrolyzed, the aniline was then oxidized to 
p-aminophenol which was probably the active agent. Michel et al. 10 were 
able to show that the livers and kidneys of various animals hydrolyze 
acetanilide in vitro . The enzyme responsible for this is an acylase which 
hydrolyzes the acetylated amino acids probably normally formed in the 
body. This identification was based on the fact that the ability of a 
tissue to hydrolyze acetanilide parallels its ability to hydrolyze acetylated 
amino acids and also on the identity of the pH optima for the two reac¬ 
tions. When aniline is incubated with tissues, p-aminophenol is formed, 
but this oxidation is catalyzed by a thermostable component, possibly 
iron or copper salts. The in vitro work apparently corroborated the in 
vivo findings. Recent studies by Greenberg and Lester, 11 and Brodie and 
Axelrod 12 have shown, however, that little free p-aminophenol is ex¬ 
creted in the urine after acetanilide is given. Instead, acetanilide is 
oxidized without previous hydrolysis and the acetyl p-aminophenol is 
then, in part, conjugated with glucuronic acid. It seems, therefore, that 
hydrolysis of acetanilide which, from the in vitro work appeared to be 
the first step in the main pathway of the metabolism of this compound, 
is actually but a minor side reaction. This illustrates one of the diffi¬ 
culties mentioned above, namely, that the existence of appropriate 
enzymes does not necessarily mean their importance for the metabolism 
of the drug in the body as a whole. 

Another difficulty is illustrated by atropine and related compounds. 
Early workers had shown that rabbits, when given the drug (which is an 
ester), excreted the hydrolyzed products, tropine and tropic acid. Bern- 
heim and Bernheim 13 obtained various preparations of guinea-pig liver, 
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rabbit liver, and serum, which hydrolyzed atropine and homatropine but 
which were almost inactive for scopolamine. The enzyme was closely 
associated with one which rapidly hydrolyzed simple esters of mandelic 
acid, the acid in homatropine; but many preparations which hydrolyzed 
the former had no effect on homatropine or atropine. It has been known 
for some time that the hydrolyzed compounds are pharmacologically 
inactive, and the possibility immediately arose that the very great differ¬ 
ences exhibited in the tolerance of various species of animals to atropine 
might be correlated with the presence of more or less enzyme in tissues, 
which would inactivate the drug. This is, however, not the case. The rat 
and mouse, for instance, have a higher tolerance than the guinea pig or 
rabbit, and yet their tissues do not contain the enzyme which hydrolyzes 
atropine. The presence of the enzyme in the guinea pig and rabbit seems, 
therefore, to be merely fortuitous. The situation is further complicated 
by the fact that Glick and Glaubach 14 were able to show, by distribution 
studies, that separate enzymes exist for atropine, homatropine, cocaine, 
tropacocaine and scopolamine. It is very probable that the drugs are not 
the normal substrates for the esterases. But then what is? And why the 
great specificity? These important questions may be answered as more 
becomes known about intermediary metabolism. Finally, it may be men¬ 
tioned here that meperidine, an analgesic ester, is also rapidly hydrolyzed 
by an esterase quite different from the ones described above. Thus, the 
in vitro studies of the fate of this class of drug have revealed the existence 
of a number of hitherto unknown highly specific esterases, but they have 
not thrown much light on the problem they were originally meant to 
solve, namely, the mechanism of tolerance. 

The hydrolysis of hydantoin by a specific enzyme was discovered while 
looking for a mechanism to account for the metabolism of certain di- 
substituted hydantoins, such as diphenylhydantoin (dilantin), which are 
used in epilepsy. When dilantin is administered, some of it is excreted as 
the corresponding hydantoic acid. In other words, the hydantoin ring 
is split at what might be termed the peptide linkage. A number of tissue 
preparations were made to determine whether they contained an enzyme 
which would catalyze this hydrolysis. No evidence of such was found, and 
even simpler disubstituted hydantoins, such as the dimethyl compound, 
remained unchanged. Eventually, as a last resort, the unsubstituted hy¬ 
dantoin was tested and found to be rapidly hydrolyzed to hydantoic 
acid. 15 The hydantoin enzyme is found in the livers and, in smaller con¬ 
centrations, in the kidneys of all omnivorous animals, but it is not 
present in any tissue of the strict herbivores, such as the guinea pig and 
rabbit. It can be purified and concentrated, and the resulting preparation 
is apparently specific for hydantoin. Diphenyl hydantoin is not attacked, 
and the mechanism of its hydrolysis remains obscure. The enzyme in the 
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body may possibly be able to hydrolyze it slowly, or there may be another 
enzyme, less stable, the activity of which is lost when the cells are broken 
and which therefore cannot readily be demonstrated. But what is the 
hydantoin enzyme doing in liver? The fact that it is only present in 
meat-eating animals suggests that hydantoin may be a normal constituent 
of certain animal tissues. The older biochemists thought that hydantoins 
might be formed from amino acids in intermediary metabolism because 
they are so easily made in the test tube. But this idea has been abandoned 
for some time, and hydantoins are not supposed to occur naturally. 
Lazareff 16 has, however, recently produced some evidence that hydantoin 
can be formed from glycine and ammonia when these substances are 
incubated with liver slices. If this is so, the enzyme may have some pur¬ 
pose, and hydantoin formation may be one of the pathways of glycine 
metabolism. Substituted hydantoins inhibit the enzyme, and so, curiously, 
do compounds containing the pentamethylene ring, such as metrazol. 
At first glance this looks like an interesting pharmacological correlation. 
Metrazol produces attacks which resemble epilepsy, and hydantoins sup¬ 
press such attacks. The enzyme is not present in the brain, but inasmuch 
as metrazol and hydantoin compete for the surface of one enzyme, it is 
not inconceivable that they could also compete for a locus in the brain, 
with a similar chemical configuration without enzymatic activity. The 
trouble with this pleasant analogy is that metrazol produces electro- 
encephalographic changes which resemble petit-mal attacks and the hy¬ 
dantoins have no effect on these but suppress only grand-mal seizures. 
Consequently the two drugs must be acting on different loci in the brain. 

A hydantoinase is also found in jack-bean meal, a preparation which 
contains urease and allantoinase as well. It can be extracted from the 
meal by slightly alkaline solutions, and allantoinase accompanies it. The 
two enzymes can be distinguished by the fact that dimethyl hydantoin 
inhibits the hydrolysis of hydantoin in concentrations which have no 
effect on the allantoinase system. In every way, the specificity of the jack- 
bean meal hydantoinase is exactly the same as that of the liver enzyme; it 
is also inhibited by metrazol. Jack-bean meal hydantoinase has a some¬ 
what more alkaline pH optimum than liver enzyme. Its energy of activa¬ 
tion is about twice as high, and it differs from the liver enzyme in its 
sensitivity to such drugs as cyanide and arsenic. The functions of the 
enzymes in jack-bean meal are unknown. 

No compound looks less like a normal metabolic intermediary than 
diisopropyl fluorophosphate. Yet, when it is administered to animals it 
is partly destroyed, and when it is incubated with tissues, especially liver, 
it is rapidly hydrolyzed into diisopropylphosphate and fluoride ions. 
Mazur 17 was able to purify the enzyme partially, and it apparently is 
distinct from any enzyme previously described. Moreover, the enzyme is 
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found in all the organs studied, including muscle, brain, heart, and 
intestine. One would therefore assume that it has an important normal 
function, but what that is cannot even be guessed. Table 4, taken from 
Mazur, shows the specificity of the enzyme in plasma. The smaller the 
organic substitution on the phosphate, the more rapid the hydrolysis. 
Thus, dimethyl fluorophosphate is hydrolyzed about seven times as 
rapidly as the diisopropyl compound. Curiously, however, the ethyl 
methyl compound is attacked much more slowly than the diethyl com¬ 
pound. The liver enzyme behaves differently. It hydrolyzes diethyl more 
rapidly than dimethyl fluorophosphate. It is obvious, therefore, that the 
enzymes in various tissues differ somewhat in their properties, but this 
observation is still unexplained. 

Table 4. Hydrolysis of Various Fluorophosphates in a 

Concentration of 0.35 aiM by Rabbit Plasma and Liver at 
38° pH 7.4 

(Figures are cmm C0 2 Displaced by the Hydrofluoric Acid 
Formed) 


Compound 

Plasma 

Liver 

Dimethyl fluorophosphate 

114 

73 

Diethyl fluorophosphate 

77 

97 

Diisopropyl fluorophosphate 

15 

22 

Ethylmethyl fluorophosphate 

14 

51 


Finally, one oxidation reaction may be described. It has been known 
for some time that quinine is changed in the body and that it disappears 
when incubated with various tissue suspensions. Further investigations 
showed that rabbit tissues contain an enzyme capable of oxidizing 
quinine to quinine carbostyril. The enzyme is also present in the tissues 
of the rat, mouse, cat, and guinea pig, but it cannot be demonstrated in 
other animals. Knox 18 has purified it and finds that its activity parallels 
that of the aldehyde oxidase, with which it is closely associated, but 
probably not identical, because the adehyde oxidase is present in the livers 
of animals which do not oxidize quinine. Like the aldehyde oxidase, the 
quinine oxidase has flavin adenine dinucleotide as its prosthetic group, 
and the two enzymes can act as a unit, for when an aldehyde and the 
carbostyril are added together the former is oxidized and the latter 
reduced. Besides aldehydes and quinine, other cinchona alkaloids and 
N-methyl nicotinamide are oxidized by the purified preparation. In fact, 
cinchonidine is oxidized about seven times as rapidly, and N-methyl 
nicotinamide about twice as rapidly, as quinine. In mammalian liver 
preparations, quinidine, the optical isomer of quinine, is oxidized much 
more slowly than quinine, but Kelsey et al 19 have shown that the reverse 
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is true in birds. Here again is an example of an enzyme with a curious 
specificity and apparently haphazard distribution, the normal function 
of which may be the oxidation of N-methyl nicotinamide, but which 
nevertheless oxidizes cinchonidine more rapidly. 

In conclusion, a few general statements can be made. Investigations 
on the metabolism of drugs have revealed a group of enzymes, hitherto 
unsuspected, to which no known function can yet be assigned. This is 
even true for the alcohol oxidase, which has been known for a long time, 
and which accounts for the oxidation of ingested alcohol, although it 
plays no known part in normal intermediary metabolism. Its presence in 
the liver, where most of it is, may simply be a protective device for the 
oxidation of alcohols produced by bacterial action in the intestine. This 
may also be the function of other enzymes in the liver, which is the main 
organ for the so-called detoxication reactions. In the other aspect of the 
problem, the attempt to explain the pharmacological actions of a drug 
on the basis of its inhibition of certain enzymes, successful correlations 
are only obtained if the enzyme in question plays a unique and vital part 
in the functioning of the cell or organism. There are only two such 
enzymes known at present, the cytochrome oxidase and the cholinesterase, 
the inhibition of which by certain drugs can be considered an adequate 
explanation of the effects they produce. 
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GENES AND BIOCHEMICAL REACTIONS 


David M. Bonner 

Osborn Botanical Laboratory, Yale University, New Haven, Conn . 


The Gene and the Problem of Gene Action 

By definition, the smallest unit of inheritance is the gene. Specific 
genes are associated with specific hereditary traits. The ingenious work 
of many investigators during the past three decades, using organisms such 
as the fruit fly (Drosophila) and the corn plant, has provided a wealth 
of information concerning the properties of these units. Two charac¬ 
teristic properties of genes are self-duplicability and mutability. A gene 
is able to cause the production of a unit exactly like itself, as indeed it 
does at each cell division. While genes are on the whole remarkably 
stable, they can undergo change, or mutation, and the altered genes are 
in turn duplicated. Indeed, it is this property of mutability which has 
enabled the characterization of genes, since a gene can be recognized 
only after a change has occurred with a concomitant alteration of func¬ 
tion. Genes are contained in chromosomes, in linear order, the chromo¬ 
somes being contained within the cell nucleus. Thus the chromosomes, 
and in turn the genes, are separated from the cytoplasmic cellular con¬ 
stituents by the nuclear membrane. Cells may be diploid, as in the fruit 
fly, and contain duplicate chromosomes and consequently duplicate 
genes, or they may be haploid, as in many fungi, and contain but a single 
set of chromosomes. A great many genes are now known in a variety of 
organisms, and indeed the relative positions (loci) and in some instances 
the absolute positions of the genes on the chromosomes have been 
determined. 

Since formulation of the gene theory geneticists have been faced with 
the general problem of the mechanism of genetic control Genes have 
long been known to control morphological characters, but how this con¬ 
trol is exercised still remains a major problem in genetics. Within the 
past decade very convincing evidence has been found for the idea that 
genes determine what biochemical reactions occur within a cell. It is in 
this field that geneticists and biochemists have collaborated in an en- 
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deavor to penetrate more deeply into the relationship of gene to bio¬ 
chemistry. The term biochemical genetics has been applied to this aspect 
of genetics. 

During the past twenty years a considerable body of evidence has been 
accumulated suggesting that genes exert their morphological control 
through control of cellular biochemical reactions. Biochemical and ge¬ 
netic investigations of eye color inheritance in the fruit fly and of pig¬ 
ment inheritance in plants (see review by Beadle 3 ) suggest the view that 
specific genes determine the occurrence of specific biochemical reactions. 
Indeed, some of the earliest noted evidence of this relationship is to be 
found in inborn errors of metabolism in man, as described by Garrod. 18 
A study of the genealogy of families afflicted with such diseases as alcapto- 
nuria and phenyl oligophrenia clearly demonstrates that loss of a specific 
gene gives rise to loss of a specific biochemical function. Because of the 
many obvious difficulties in the use of insects, higher plants, or mammals 
for a critical investigation of the relationship of genes to biochemical 
reactions, attention has turned to microorganisms. 

Microorganisms such as bacteria, yeasts and fungi provide excellent 
material for this type of investigation, since their life cycles are short 
and many can be grown on a chemically-defined medium. The organism 
which was first used for this type of work and has been most extensively 
studied is the fungus, Neurospora crassa. The work of Dodge 16 and of 
Lindegren 30 had established the usefulness of this organism as a genetic 
tool, and Beadle and Tatum 4 therefore selected it for a critical study of 
the genetic control of biochemical reactions. 


Neurospora as a Tool in Biochemical Genetics 

The majority of the work dealing with biochemical genetics of Neuro¬ 
spora has been carried out on Neurospora crassa, a heterothallic asco- 
mycete. The life cycle of this organism is shown in Figure 1. The or¬ 
ganism grows ordinarily as branched hyphae. These vegetative hyphae 
give rise to orange-colored, multinucleate spores known as conidia, which 
when transferred to fresh medium give rise again to the ori ginal vege¬ 
tative strain. These vegetative strains are haploid. The diploid stage of 
the organism is transient and is brought about by fusion of a conidium 
of one mating type with a protoperithecium of opposite mating type. 
The two mating types appear identical and can be distinguished only by 
the fact that when the two strains are grown together fruiting bodies are 
formed. The fusion nucleus, resulting from the fusion of the two nuclei 
of opposite mating type, undergoes two meiotic divisions and one mitotic 
division, thereby producing eight haploid ascospores (Figure 1). These 
spores, after activation, give rise again to haploid vegetative cultures. 
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Thus, from a genetic standpoint this organism is exceptionally easy to 
work with, since all the products of meiosis are preserved. The fact that 
the vegetative strains are haploid is of great aid since problems of domi¬ 
nance are of no concern. 

Neurospora will grow on a chemically-defined medium. It requires for 
growth a carbon source, such as sucrose, a nitrogen source, such as 
ammonium nitrate, inorganic salts, and the one vitamin, biotin. If genes 
do indeed control biochemical reactions, it was argued that it should be 
possible to induce gene mutations affecting the synthesis of such vital 
cellular components as vitamins and amino acids. Such mutations could 
be detected by an increased complexity of growth factor requirements, 


////// 


CONlOlA 
(a*txu«l *por«a) 



vrfamint, 
mntno acid*. 





««XUAL sporb 



MINIMA!. VITAMINS AMINO MINIMA!* COMPLGTK 

M*OWH ACIDS 

Courtesy “Science in Progress,** (Yale University Press, New Haven, Conn.) 


Figure 2. Experimental procedure by which biochemical mutants are produced and 
detected in Neurospora . 


since mutant strains would be dependent on an exogenous supply of 
these compounds. Beadle and Tatum 4 accordingly carried out the ex¬ 
periment shown in Figure 2. Conidia were treated with ultraviolet light 
or x-rays, agents known to increase mutation rate in other organisms. 
Since conidia are multinucleate, these treated spores were crossed with 
the opposite mating type of the parental strain to permit the segregation 
of genetic characters. Single ascospores were selected from this cross. 
To insure growth of spores having increased nutritional requirements, 
the spores were established on a complex medium containing yeast ex¬ 
tract and hydrolyzed casein as sources of additional growth factors. These 
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isolated strains were next tested for their ability to grow on a simple 
medium capable of supporting the growth of the parental strain, i.e., a 
medium containing only sucrose, nitrate, inorganic salts and biotin. 
Most of the isolated strains grew equally well on both media, but an 
occasional strain appeared which grew well on the complex medium and 




folic p-omino- choline nucleic pyridoxin inositol pantothenic niacin riboflavin thiamin minimal 
acid benzoic acid acid acid control 


Figure 3. Tests of mutant strain on individual vitamins. Since purines and pyramidines are often 
found to be required by mutant strains, hydrolyzed nucleic acid is included. 


not at all on the minimal synthetic medium. The series of tests shown 
in Figures 2 and 3 was then used to determine the factors necessary for 
the growth of such strains. In the illustration, the vitamin, niacin, is the 
additional factor required. Thus, following treatment with a mutagenic 
agent it is possible to isolate strains which differ from the parental strain 
by an added growth-factor requirement. 


Gene Control of Biochemical Reactions 

Genetic Studies. The fact that strains with increased growth-factor 
requirements result from treatment with mutagenic agents does not in 
itself prove that they result from gene mutations. It is possible, however, 
to test for the genetic basis of these requirements. If one crosses the 
mutant strain requiring niacin with the opposite mating type of the 
parental strain, Mendelian segregation of the mutant genes should occur. 
If the eight ascospores contained in a single ascus of the mature fruiting 
body resulting from such a cross are dissected out in order and ger- 
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minated (Figure 4), the resulting eight cultures will all grow on a medium 
containing niacin, while only four will grow on a medium lacking niacin. 
Thus four of the cultures require niacin for growth and four are niacin- 
independent. The requirement for niacin segregates as a one-one ratio 
as would be expected in the segregation of a single gene difference. The 
niaHn requirement, therefore, results from a single gene difference be¬ 
tween parental type and mutant strain. 

During the past eight years mutations involving nearly all of the known 
vi tamins and amino acids have been found. Also, mutations affecting 
pyrimidine and purine synthesis, carbohydrate utilization, and nitrate 
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Figure 4. Scheme by which the inheritance of a mutant type is determined. 


reduction have been found. Gene control is therefore not limited to 
niacin synthesis, but is known for a great many vital cellular constituents. 
The fact that mutations affecting the synthesis of vitamins and amino 
acids have been found most frequently is a reflection of existing detection 
methods. Probably the syntheses of all cellular compounds, including 
large molecules, are gene-controlled, but we are still limited to the detec¬ 
tion of gene alterations affecting the synthesis of compounds that can 
permeate the plant cell wall. 

Biochemical Studies ( Tryptophan-Niacin Synthesis). Among the exist¬ 
ing mutant strains of Neurospora, several have been found to require the 
vitamin, niacin (3-carboxy pyridine). 11 All of these strains, when crossed 
with the parental strain, are found to differ from it by alteration of a 
single gene. It is of interest, however, to determine whether the same gene 
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is affected in all of them or whether alteration of any one of several 
genes may lead to niacin deficiency. Genetic differences may be deter¬ 
mined by crossing the niacin-requiring strains to each other. If the same 
gene is affected in each mutant, all of the spores resulting from the cross 
are niacin-dependent. If different genes are affected, some parental-type 
niacin-independent spores result from recombination. When this experi¬ 
ment is carried out with the niacin-requiring strains, four separate genes 
are found essential for the synthesis of niacin. Alteration of any one of 
these four genes gives rise to a niacin-dependent culture. 

The material which has just been reviewed shows simply that loss of 
a specific gene results in loss of a particular synthetic capacity. Let us 
now examine this genetic loss in its relation to biochemical differences. 
Genetic analysis of the niacin-requiring strains reveals at least four dif¬ 
ferent genes necessary for niacin synthesis. Biochemcial analysis of these 
strains likewise reveals four distinct biochemical classes. If one knows 
many of the biological precursors of a given vitamin or amino acid, the 
biochemical differentiation of various mutant strains is greatly simplified. 
Such simplification has been possible in a few cases, as, for instance, in 
the differentiation of mutant strains requiring arginine 43 or those requir¬ 
ing methionine. 22 As a rule, however, our inadequate knowledge of the 
biosynthesis of vitamins and amino acids has forced a different approach 
to biochemical differentiation. Since each of these four niacin-requiring 
strains is blocked in some step essential for niacin synthesis, accumulation 
of the normal intermediate may occur and can be revealed by cross-testing 
culture filtrates (culture medium after growth of the strain) of these four 
strains to determine whether these culture filtrates have niacin activity 
for one or more of the niacin-requiring strains. The result of such an 
experiment is shown in Table 1. 

Table 1. Culture Filtrates from Niacin-Requiring Strains 
of Neurospora, Tested for the Accumulation of 
Niacin Intermediates 

Culture Filtrate from Strain Type 
12 3 4 


+ 

+ + 

— indicates no growth of test strain 
+ indicates growth of test strain 

From Table 1 we see that culture filtrates of type one have no niacin 
activity for any of the strains. Culture filtrates of type two, however, will 
support the growth of types three and four, and those of type three will 
support growth of type four. From these data various conclusions can be 
drawn. Since these culture filtrates will not support growth of the strain 


Tested with 
Strain Type 

1 

2 

3 

4 
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from which they were obtained, and since the niacin requirement for all 
of these strains is nearly identical, the activity of these culture filtrates 
must represent compounds which can serve as niacin precursors. One can 
also conclude that these four genetic types represent four distinct bio¬ 
chemical classes. Types one and two grow on no culture filtrates and 
hence must differ from strains three and four. Type three differs from 
type four since type three accumulates a substance having niacin activity 
for type four. Types one and two must differ biochemically from each 
other since type two accumulates a substance with niacin activity for 
strains three and four and type one does not. 

Assuming a sequential series of reactions to be characteristic of niacin 
synthesis, the order of genetic blocks must be as follows: 




type 2 type 1 

Y -> Z - > Niacin 


Most of the various compounds in the culture filtrates showing niacin 
activity have now been identified, and it is possible to give the scheme 
in chemical terms. Krehl et al 2Q first noted that the amino acid trypto¬ 
phan can replace niacin in niacin-deficient rats. Strains of type four 
were likewise found to be capable of growing on either niacin or trypto¬ 
phan. 5 Since the other niacin-dependent genetic types cannot utilize 
tryptophan, this one genetic type is clearly differentiated biochemically. 
The compound accumulated by type two strains was found to be 
3-hydroxyanthranilic acid, 9 * 35 while the niacin activity of culture filtrates 
obtained from strains of type three is found to be a-acetylkynurenine. 61 
Niacin synthesis appears, therefore, to proceed from tryptophan with 
the formation of S-hydroxyanthranilic acid. The mechanism of conver¬ 
sion of 3-hydroxyanthranilic acid to niacin has only recently been 
clarified. The fact that rats given large quantities of tryptophan ex¬ 
crete quinolinic acid (2,3-dicarboxypyridine) in their urine 41 * 19 sug¬ 
gests that this compound is concerned in the conversion of tryptophan to 
niacin. Quinolinic acid has slight activity for Neurospora 35 yet mutant 
strains of type one were found to accumulate this compound in the cul¬ 
ture medium. 12 This accumulation suggests that the conversion of 3-hy¬ 
droxyanthranilic acid to niacin occurs by cleavage of 3-hydroxyanthra- 
nilic acid in the 3,4-position to form an aliphatic compound. This sub¬ 
stance, after decarboxylation, undergoes ring closure. If decarboxylation 
cannot occur, ring closure gives quinolinic acid. One can, therefore, 
formulate the following scheme of niacin synthesis in Neurospora, as 
shown in Figure 5. 

This is a general scheme, and no attempt has been made to include the 
detailed process of the conversion of tryptophan to 3-hydroxyanthranilic 
acid. Kynurenine and 3-hydroxykynurenine are thought to serve as inter- 
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mediates in this conversion, 35 and indeed some evidence is at hand sug¬ 
gesting that the role of tryptophan in niacin synthesis may be indirect. 9 
However, the scheme presented in Figure 5 points up clearly several 
significant facts relating to biochemical genetics. This scheme shows 
clearly that each of the four genes known to affect niacin synthesis con¬ 
trols a different step in the synthesis. Each gene may be presumed to 
affect a single specific step. Loss of gene one, for instance, leaves the 
organism unable to decarboxylate the open-chain intermediate and leads 
to production of quinolinic acid. Indeed, in many other cases we know 
the specific reaction which is lost as the result of a specific gene mutation. 


geneAy 




cl ®^fir COOH 

nh 2 hco^cooh 


K 


•COOH 

■COOH 


Tryptophan 


3-Hydroxy 


Quinolinic 

anthranilic acid 

genel 

acid. 


r^VcooH 

HCO H ~ 

_^ (^VCOOH 


nh 2 

Sm 


Nicotinic 

acid 


Figure 5. Scheme of niacin synthesis. Genetic blocks are indicated by gene numbers. 


Our inability to define precisely the biochemical step blocked, as we 
cannot define that blocked by gene four, results simply from our inade¬ 
quate knowledge of cellular biochemistry. As our knowledge in this field 
grows, such specific defined reactions will also doubtless be found to be 
affected by specific mutations. 

Biochemical Studies (Isoleucine-Valine Synthesis ). It should be pointed 
out that gene control of biochemical reactions is not limited to niacin 
synthesis. Genetic analysis has not been carried out for all of the known 
nutritional mutants, though it has been for a great many. Each nutri¬ 
tional deficiency which has been examined genetically has been found to 
result from a single gene alteration. It has also been observed that, in 
general, several genes are concerned with the synthesis of each vitamin 
or amino acid. Single gene mutations involved in the synthesis of such 
other compounds as choline, 21 * 23 arginine, 43 and methionine 22 are also 
correlated with the loss of single known reactions. Biochemical investiga¬ 
tions, in short, show that a gene mutation which gives rise to a growth- 
factor requirement represents loss of ability to carry out a specific bio¬ 
chemical reaction. 
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The series of experiments which were outlined above points up still 
other problems. A mutant strain requiring an added growth factor is not 
biochemically identical with the parental strain, even though its growth 
rate, when it is grown on exogenous supplies of the factor in question, 
is normal. One must reckon with the disturbed biochemical balance 
occasioned by the loss of ability to perform a particular reaction and the 
resulting accumulation of a precursor prior to the point of block. This 
accumulation may have no apparent ill effect, as in the case of 3-hydroxy- 
anthranilic acid accumulation. The precursor may be metabolized in 
an abnormal manner, as in the accumulation of quinolinic acid. It may 
also compete with other biochemical reactions and lead to an apparent 
double requirement. This situation is most strikingly shown by mutant 
strains requiring isoleucine and valine. A mutant strain is known which 
differs from the parental strain in a single gene and requires the two 
amino acids, isoleucine and valine. 13 Detailed investigation has shown 
that this double requirement is not the result of a common biosynthetic 
pathway. Rather it appears that genetic loss of isoleucine synthesis leads 
indirectly to a block in valine synthesis. Experiments using the synthetic 
keto acid analogs of the two amino acids show that ketoisoleucine 
strongly inhibits the amination of ketovaline. 8 Since the mutant is unable 
to utilize ketoisoleucine in the presence of valine, but can utilize keto¬ 
valine in the presence of isoleucine, the obvious interpretation is that 
because of this genetic block the keto acid analog of isoleucine accumu¬ 
lates and competitively inhibits the amination of the keto acid analog 
of valine. Thus the genetic block in one biosynthetic step in this instance 
results in an apparent double requirement. This mutant has recently 
been shown to accumulate the dihydroxy analog of isoleucine. 1 The 
relationship of this compound to ketoisoleucine has not been established. 
Nevertheless, the experiments using synthetic keto acid analogs emphasize 
the importance of metabolic antagonisms occurring as the result of 
accumulated intermediates. In a critical biochemical evaluation of such 
mutant strains, the metabolic disturbances that may be occasioned by 
loss of biochemical function must be carefully considered. 

Enzyme Studies. One may now say with a certain degree of assurance 
that genes control biochemical reactions. This in itself, however, tells 
little concerning the actual mechanism involved. It has often been pos¬ 
tulated that genic control is exercised through control of enzyme spec¬ 
ificity. Since nearly all biochemical reactions require enzymatic catalysis, 
the assumption that genes control biochemical reactions through control 
of enzyme specificity is attractive and plausible. Direct evidence in sup¬ 
port of this view, however, remains scant. If genic alteration gives rise to 
enzyme alteration, one might expect substrate accumulation. Indeed, this 
has been noted in several instances. Accumulation of 3-hydroxyanthra- 
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nilic acid is an example. This evidence is indirect and the isolation of the 
altered enzyme would be more convincing. One instance studied in detail 
deals with the conversion of indole to tryptophan. Indole has been shown 
to be converted to tryptophan in Neurospora in a single step by con¬ 
densation with the amino acid serine. 45 Umbreit et a/. 47 studied the 
enzyme involved in this condensation and found that it required the 
presence of pyridoxal phosphate. Recently Mitchell and Lein 34 obtained 
a mutant blocked in the conversion of indole to tryptophan and reported 
that the enzyme described by Umbreit et al was lacking. This instance 
shows that alteration of a specific gene causes loss of ability to carry out 
a specific biochemical reaction, which in turn is associated with loss of 
activity of a specific enzyme. 

. Similar observations have been made regarding the enzyme causing the 
hydrolytic splitting of lactose. 10 Wagner, 48 however, has found that a ge¬ 
netic block of a specific reaction is not always associated with loss of a spe¬ 
cific enzyme. In investigations of certain pantothenic-less strains, he finds 
that a cell-free extract of the parental strain can couple /J-alanine and 
pantoyl lactone with the formation of pantothenic acid. 40 Certain mutanc 
strains are known to require pantothenic acid, and of these, one has been 
shown to be unable to grow if furnished ^-alanine and pantoyl lactone; yet 
it does synthesize these two compounds. 46 Wagner has recently shown that 
extracts of this mutant strain also can couple the component parts of 
pantothenic acid. 48 Thus we have, in this instance, alteration of a specific 
gene causing loss of ability to carry out a specific reaction without loss of 
the specific enzyme. Loss of function in this instance arises presumably 
from inhibition of the enzyme system, the inhibition in turn resulting 
from gene alteration. This case may well represent a situation analogous 
to that described for strains requiring isoleucine and valine. 

Is Neurospora Unique? Before entering into a discussion of possible 
interpretations of the material just reviewed let us examine briefly the 
possibility that the phenomena encountered in Neurospora are peculiar 
to this organism. Biochemical mutations have now been induced in a 
variety of microorganisms including several fungi, bacteria and yeast. 
Many of these organisms have no known perfect stage and hence are not 
adapted to genetic analysis. In these forms the mutant strains closely 
resemble the Neurospora strains. 7 * 14 Genetic studies of biochemical 
mutants of Saccharomyces cerevisiae ? 9 Ophiostoma multiannulatum , 17 
and Ustilago maydis , 38 point clearly to the genetic control of biochemical 
reactions and suggest that this control is similar to that in Neurospora . 
Strain K-12 of Escherichia coli shows a similar relation of gene and bio¬ 
chemical reaction. Lederberg and Tatum 29 have shown that genetic 
recombination of biochemical characters occurs in this organism and 
have devised techniques enabling them to work with this strain genet- 
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ically. 27 E . coli genetic control of biochemical reactions is known to occur, 
and again the relationship of gene to biochemical reaction appears essen¬ 
tially similar to that found in Neurospora. As mentioned in the initial 
part of this paper, the study of inborn errors in man leads to the conclu¬ 
sion that the same relationship obtains in man. Indeed, we have no 
reason to assume that the mechanism of the gene control of biochemical 
reactions is substantially different throughout the living world. 

Gene-Enzyme Relationships 

The observations which have been reviewed lead to the conclusion 
that genes control biochemical reactions, and that this control is prob¬ 
ably exercised through control of enzyme production. The fact that 
single genes control single biochemical reactions has led to the hy¬ 
pothesis that a one-one relationship exists between gene and biochemical 
reaction. 24 Whether this one-one relationship of gene and biochemical 
reaction is a reflection of a more fundamental relationship existing be¬ 
tween gene and enzyme, i.e., whether single genes determine the speci¬ 
ficity of single enzymes, will be discussed later. The problem of the 
genetic control of biochemical reactions, and perhaps of genetic control 
in general, becomes then primarily the problem of the gene control of 
specific enzyme formation. 

Detailed information on the chemical composition of the gene is not 
available. It is known, however, that chromosomes are composed of 
nucleoprotein. 33 Since chromosomes contain nongenic material, however, 
this in itself does not constitute proof of the nucleoprotein nature of the 
gene. Other lines of evidence contribute to the supposition that genes 
are composed of nucleoprotein. Ultraviolet light induces gene mutation. 
If one compares the efficiency of ultraviolet light on inducing gene mu¬ 
tations at various wavelengths, one finds maximum efficiency in the 
region of the absorption maximum of nucleic acids, suggesting that 
nucleic acids are genic constituents. One may also reason from the similar 
properties of viruses and genes that genes are nucleoproteins, as are cer¬ 
tain viruses. 44 The important similarity of genes and viruses for the pur¬ 
pose of this discussion is that they both possess the property of self¬ 
duplication. A gene possesses the ability to catalyze the production of a 
unit exactly like itself and hence may be considered as having enzymatic 
properties. A gene appears, therefore, to contain nucleoprotein, to have 
autocatalytic properties, and to determine the enzymatic structure of 
the cell. 

Gene Action 

Having reviewed the evidence concerning the genetic control of bio¬ 
chemical reactions, and having considered briefly the properties of the 
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gene, let us examine the problem of gene action. As mentioned earlier 
a one-one relation has been observed between gene and biochemical 
reaction. This relationship suggests that the specificity of each of the 
cytoplasmic enzymes is directly gene-determined. The relationship be¬ 
tween gene and biochemical reaction in such a concept is shown diagram- 
matically, with G denoting gene, P, enzyme precursor, E } any cytoplasmic 
enzyme, and A^B 3 a cellular biochemical reaction. 

P 

G -» l A 

E -» 1 

B 

The observation that a single gene change results in loss of ability to 
carry out a single biochemical reaction is in general agreement with such 
a theory. The agreement is perhaps even more clearly shown in the 
observation of Mitchell and Lein 34 that loss of ability to condense indole 
and serine in the formation of tryptophan is correlated with loss of 
enzyme activity. These observations, however, cannot be considered as 
critical proof of such a thesis since they are subject to other interpreta¬ 
tions. Wagner's observations, 48 ' 49 discussed earlier, superficially disagree 
with this interpretation, though the factor responsible for inactivity of 
the enzyme system must be worked out before critical evaluation of these 
results can be made. Irreconcilable with such a thesis, however, are cer¬ 
tain observations made on E . coli . Lederberg 28 has reported that any 
one of seven independent genes affects the production of the enzyme 
lactase in E . coli. It is probable that alteration of either of two inde¬ 
pendent genes in Neurospora results in defective lactase production. 10 
Thus in these instances more than one gene determines the specificity of 
a single enzyme. 

The observation that loss of any one of several genes leads to loss of 
lactase synthesis suggests that enzymes, like other cellular constituents 
are synthesized by a sequential series of characteristic reactions. The 
specificity of some enzymes appears, therefore, to be determined by more 
than a single gene, and a concept demanding that the specificity of each 
cellular enzyme is controlled by a single gene proves unsatisfactory. That 
single genes may control single biochemical reactions tells little concern¬ 
ing the precise mechanism involved. 

Since genes are involved in enzyme synthesis, the mechanism of enzyme 
formation must be considered. Unfortunately we know relatively little 
concerning the synthesis of enzymes. As just pointed out, genetic work 
suggests that enzymes, like other cellular constituents, are synthesized by 
a sequential series of characteristic biochemical reactions, under genic 
control. Recent work by Spiegelman 42 and Monod 30 suggests that each 
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enzyme is not necessarily synthesized de novo from constituent parts, 
but rather may be synthesized at the expense of other enzymes. Spiegel- 
man, 42 in fact, has very reasonably suggested that many enzymes may be 
made from a common enzyme precursor pool. Monod’s observations that 
certain pairs of enzymes show the phenomenon of diauxie with each 
other might further suggest that many such enzyme precursor pools are 
involved in the synthesis of the various cytoplasmic enzymes. Whether 
the enzyme precursors represent large complex molecules or not cannot, 
of course, be decided at present. It seems logical, however, to assume that 
the molecules of the enzyme precursor pools are large, since the specific 
enzymes themselves are large molecules. If this were the case, one might 
expect that the number of biochemical steps involved in the synthesis of 
a specific enzyme from the precursor pool would be few, indeed perhaps 
a single step in many cases. These enzyme precursors, by definition, do 
not have the specificity of the final enzyme, and their synthesis might be 
expected to be genetically similar to the other biochemical reactions 
previously discussed, that is, the enzymes involved in the synthesis of 
these enzyme precursors need not be directly gene-determined. It would 
seem logical to assume, however, that since the gene itself is a specificity 
factor, the gene is fundamentally involved in the process of conversion of 
enzyme precursor to specific enzyme. 

These considerations lead us finally to the problem of the conversion 
of enzyme precursor to specific enzyme. The individual steps in the reac¬ 
tion chain from enzyme precursor to specific enzyme may be enzymatically 
controlled, but the specificity of these enzymes controlling the conversion 
of precursor to specific enzyme must be gene-determined. In fact, it may 
be that only those enzymes involved in the conversion of enzyme pre¬ 
cursor to specific enzyme are under direct genic control. The specificity 
of these enzymes in relation to the gene must nevertheless be explained. 
Thus, fundamentally, the problem of gene action appears directly con¬ 
cerned with the determination of the specificity of certain enzymes. Do the 
genes themselves catalyze the reactions involved in the formation of specific¬ 
ity or do gene products bring it about? We have virtually no evidence per¬ 
mitting us to favor one point of view over the other. Since genes are 
riucleoprotein, one might expect that each gene possesses a characteristic 
spacial configuration. The plausible suggestion has, therefore, been made 
that genes serve as templates in determining the configuration of enzymes. 
This interpretation differs from the concept previously discussed in that 
it makes provision for more than a single specific step in the formation 
of a specific enzyme. Such a thesis, however, has serious obstacles to over¬ 
come. It implies tremendous passage of protein through the nuclear 
membrane in a regulated fashion. While this passage of protein is not 
impossible, it is difficult to visualize in our present state of knowledge. 
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In part to obviate this difficulty, a great deal of attention has recently 
been given to gene-initiated plasmagenes. 43 Such particles were considered 
as direct gene products which moved to the cytoplasm, retaining the self¬ 
duplicating property of the gene. These plasmagenes, in turn, were 
thought to mediate the conversion of enzyme precursor to specific enzyme. 
No data are available in support of the above concept. It is equally 
logical to suppose that some other particle, one lacking self-duplicating 
properties, represents the initial gene product, which in turn might 
mediate specific enzyme formation. Nucleic acid might be such a mole¬ 
cule. Genes are known to contain nucleic acid, and bacterial transforma¬ 
tions, which perhaps should be considered as directed mutations, are 
known to involve nucleic acid as the specific transforming principle. 2 * 6 * 32 
Nucleic acid is thought to be involved in protein synthesis also. 15 It is 
equally reasonable, however, to assume that the initial gene product is 
a small molecule. 50 This small molecule might unite with an enzyme 
precursor in the cytoplasm and form an enzyme, which in turn could 
catalyze the formation of specific enzyme. Diagrammatically such a rela¬ 
tionship might be shown as follows, with G denoting gene, GP, gene 
product, EP, enzyme precursor, E, specific enzyme, and A—>B a specific 
cellular biochemical reaction. 

G - >GP - >EP 

i 

E 

l 

A - >B 

This interpretation has several merits. It predicts that while the corre¬ 
lation of gene to cellular enzyme may be one it is not invariably one, 
since several steps may be involved in enzyme formation. Indeed several 
steps have been experimentally observed. It also obviates the difficulty 
encountered in the passage of generous amounts of large molecules 
through the nuclear membrane. However, this interpretation, like the 
others, cannot be critically tested without much more detailed knowledge 
concerning the synthesis of enzymes. 

The latter remarks have been largely speculative, since our knowledge 
of the structure of proteins and the synthesis of enzymes is too inadequate 
to permit more than speculation. They have been an attempt to explain 
logically the meager facts at our disposal. How might one then sum¬ 
marize current thought regarding the mechanism of gene action? The 
material reviewed demonstrates clearly the genetic control of biochemical 
reactions. Indeed, there is a striking correlation between alteration of a 
specific gene and loss of a specific biochemical reaction. There is also a 
correlation between enzyme production and gene. That single genes 
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determine directly the specificity of all single enzymes seems unlikely. 
What the precise relation is, however, between gene and enzyme remains 
a major biological enigma. 


Evolutionary Considerations 

In addition to the problem of gene action, investigations in the field of 
biochemical genetics have called attention to certain evolutionary prob¬ 
lems. The investigations of Lwoff, 31 Knight, 23 Schopfer, 40 and others, on 
the growth-factor requirements of many different microorganisms, sug¬ 
gested several years ago the general principle that evolutionary specializa¬ 
tion with regard to nutritional requirements was accompanied by loss of 
synthetic ability. The biochemical and genetic work on Neurospora , bac¬ 
teria, and yeast furnishes a genetic basis for such evolutionary specializa¬ 
tion. Starting with a completely autotrophic organism, one can readily 
see how its nutritional requirements would become increasingly complex 
as gene mutations occurred, giving rise to loss of synthetic ability. Indeed, 
one might imagine organisms such as viruses and bacteriophage repre¬ 
senting the ultimate in this specialization. 

The reverse type of evolution, however, is much more difficult to 
understand; yet from a mechanistic standpoint such evolution must have 
occurred in past geologic periods. Biochemical investigations of mutant 
strains of microorganisms suggest that vital cellular components, such as 
vitamins and amino acids are synthesized by characteristic sequential 
series of reactions. The reaction chains consist of several steps, and the 
intermediates involved are apparently of value to the organism only in 
terms of the specific end product. Thus one is faced, in accounting for 
the evolutionary development of such reaction chains, with the problem 
of explaining the acquisition of individual synthetic abilities, which 
confer no selective advantage on the organism, unless it acquires the 
entire reaction chain. If the evolution of ability to synthesize an end 
product such as niacin depends on the simultaneous mutation of all four 
genes known to control its synthesis, its occurrence seems improbable. 
The universal occurrence of such compounds as vitamins and amino 
acids throughout the living world places them among the essential com¬ 
ponents of living matter. The widespread occurrence of similar reaction 
chains characteristic of the synthesis of a given vitamin or amino acid 
further suggests that the biosynthetic mechanisms involved in the syn¬ 
thesis of these compounds must have evolved early in the history of 
living matter. Oparin 87 has suggested that complex organic matter was 
synthesized during the cooling of the earth. This organic matter might 
have accumulated, since at this period there was no microbial life to 
metabolize it to simpler compounds. If one accepts this thesis, together 
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with the thesis that the first self-duplicating units of living matter repro¬ 
duced by taking up complex organic molecules from a medium in which 
the organic molecules had accumulated, then, as Horowitz 20 has reason¬ 
ably suggested, these reaction chains might well have evolved backwards 
from the end product to an early intermediate. Thus a self-duplicating 
unit, initially dependent on end product for reproduction, would have 
a strong selective advantage conferred upon it if it acquired the ability 
to convert an intermediate to the end product. This concept affords a 
mechanism for the original rapid acquisition of the reaction chains char¬ 
acteristic of the synthesis of vital cellular components. In the world of 
today this mechanism would supposedly play a minor evolutionary role 
compared to specialization by loss, since the concept of backward evolu¬ 
tion demands the presence of the complex end products and inter¬ 
mediates. One would not expect the accumulation of such compounds 
at present, since they would be speedily metabolized by microbial activity. 


Conclusion 

In this discussion of biochemical genetics the relationship of gene to 
morphology has been omitted. The science of genetics is largely based on 
the genetic control of morphological characters. Morphological differ¬ 
ences probably represent poorly understood differences in cellular bio¬ 
chemistry. The genetic study of such characters has revealed many com¬ 
plicated genetic phenomena. At the present time one cannot account 
satisfactorily for all known genetic relationships, such as, for instance, 
position effect. These genetic phenomena reflect, in part, our inadequate 
knowledge of the structure and properties of proteins and genes, and in 
part the fact that undoubtedly our present concept of the relationship 
of gene to enzyme is inadequate. Thus one can say with assurance that 
the road ahead in the field of biochemical genetics may be different from 
what we currently envisage, but it is bound to be exciting. 
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CHEMICAL PROBLEMS IN THE GENETICS 
OF DISEASE PROCESSES * 


John W. Gowen 

Genetics Dept., Iowa State College, Ames, Iowa 


Disease, from the modem viewpoint, may be regarded as the resultant 
of three factors: (1) the constitution of the host, (2) the disease-producing 
entity, the pathogen, and (3) the environment, which, in a broad sense, 
may favor either the host or pathogen. In this complex, the geneticist 
faces the same problems of reacting systems that the chemist faces, pos¬ 
sibly on a lesser scale, in his every-day work. The units are on a larger 
scale. Instead of atoms, the genes probably are represented by large 
protein molecules. They are no less fixed entities, however. They change 
spontaneously or mutate. Molecules of large size likewise change to other 
forms and gain new properties. They are distinct from one another, 
guiding chemical reactions into distinct channels. They work on sub¬ 
strates. Again the problem is how they lead to the different reacting 
systems. 

In higher forms, the normal host is the resultant of the action of some 
thousands of genes (5,000 to 30,000 with possibly 8,000 to 10,000 as 
current estimates in Drosophila —Gowen and Gay, 1933). The normal 
host is brought into being by the mutual interaction of these genes on 
substrates of familiar substances, fat, carbohydrate, protein, etc. The 
species form recognized at birth is brought into being through the fetal 
development of a seemingly undifferentiated egg. 

It is obvious that each species is guided to its type by its complex of 
characteristic genes. It is not so obvious, but probably true, that each 
individual in the species is likewise distinct from every other, through 
the action of a small number of genes within the greater species complex, 
or by the fact that no gene system is exposed to the identical environ¬ 
mental conditions. 

•For literature and references on the subject of this article, see Gruneberg, H., 
“Animal Genetics and Medicine,” 296 pp., New York, Harper & Brothers; 1947; and 
Gowen, J. W., “Inheritance of Immunity in Animals,” Ann. Ret>. Microbiology, II, 
215-54 (1948). 
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When a gene mutates or environmental effects become extreme, mor¬ 
bid development may result. The morbid condition may be due to a 
gene or a group of genes substituted for the normal genes—their alleles 
which work on a tissue substrate formed by the remaining normal genes. 
In this substitution, the exchanged gene is, in truth, a pathogen as it 
parasitizes the normal development of the host and leads to its death 
or unfitness for its struggle for survival against the hosts having the 
normal alleles. The severity of these effects depends on the surroundings. 
Favorable environments may alleviate the effects of a bad inheritance 
of semi-lethal genes. Poor environments may increase the severity of gene 
effects to a point where death ensues. In a complex of 10,000 normal 
genes, one causing abnormal growth or physiological effects may lead to 
death. 

The morbid condition may require another factor, a pathogen—virus, 
bacterium or worm—acting on the host to bring about a disease. The 
pathogen, like the host, has its actions controlled by its genes. These 
genes generate the structures necessary for the different apparatus used 
by the variety of pathogens which attack the same or different hosts. 
An infectious disease syndrome rests on three legs: the host’s gene com¬ 
plexes which favor resistance or susceptibility, the pathogen’s gene at¬ 
tributes which lead to differences in virulence, and the environmental 
complexes which may increase or reduce the severity of the different host- 
pathogen relations. 


Host Responses to Inferior Genetic Constitutions 

An early example of the part played by the host’s genetic constitution 
in pathological conditions was found by Cuenot 3 in the yellow mouse 
coat color. The yellow mice differed from most of the others in the fact 
that when they were bred together, some of the progeny always showed 
nonyellow coat colors. The ratio of yellow to nonyellow in the progeny 
of two yellow mice was 2:1 instead of the expected 3:1. Again, if yellow 
mice were bred to nonyellow, progeny having either yellow or nonyellow 
coat colors were obtained in nearly equal proportions. This is the proper 
proportion expected if all yellow mice have the genes Yy instead of YY. 
But what became of the IT progeny? Investigations of the uteri of the 
yellow mice bred to yellow males showed that the death of the IT 
embryos occurred early in embryological development. The Y gene, work¬ 
ing on the rest of the complex of mouse genes in heterozygous condition, 
Yy, caused the yellow color. When homozygous, IT, it caused develop¬ 
ment so abnormal as to lead to death. The hereditary endowment given 
to an embryo by its parents, even to that contributed by a single pair of 
genes, was capable of ending the life it had a part in beginning. 



JOHN W. GOWEN 


297 


But not all genes, like the yellow gene in homozygous condition, YY, 
lead to death before birth. The yellow gene, when in heterozygous state, 
Yy, gives a fully viable yellow mouse. At birth, the Yy and yy mice are 
closely similar in appearance save that the former have yellow hair. This 
similarity continues to nearly 50 days from birth. From 50 days onward, 
the yellow mice become progressively fat until at 200 days they weigh 
around 50 grams while their nonyellow litter mates, yy, weigh 30 grams. 
This difference in weight is accounted for almost entirely by fat deposi¬ 
tion and its Accompanying water. It is accomplished by only a slight in¬ 
crease in food consumption and reduction in body activity (Dickerson 
and Gowen, 3 ). The increase in fat is paralleled by increasing sterility, 
particularly in the females. 

Human data are noted for cases where the heterozygous condition of 
such pathological genes seriously handicaps the individual or leads it to 
its death. Macklin 4 cites 3500 references and 210 lethal or semi-lethal 
conditions attributable to simple inheritance. In Drosophila, more than 
10,000 pathological changes attributable to lethal or semi-lethal inherit¬ 
ance have been studied. The number of these cases found in the species 
is apparently limited only by the study put upon them. An almost un¬ 
limited variety of pathological conditions is the result of one to a limited 
number of genes found among the otherwise normal complex in the 
fertilized egg. It is well to recall that these lethal or semi-lethal genes are 
the alleles of genes leading to normal development. Table 1 describes 
a few of the effects of the presence of semi-lethal genes in otherwise normal 
individuals of different species. 

The problem for the geneticist, as for the chemist, is that of tracing 
the series of reactions by which these results are accomplished. These 
reactions are expressed in histopathological changes. Real progress has 
been made in clarifying the steps by which the end phenotype is reached. 
A dwarf condition in mice is a case in point. The dwarf mice weigh 8 to 
14 grams when their litter mates weigh 25 to 40 grams. They are sterile 
in both sexes and show thyroid, adrenal and reproductive repression. 
Basal metabolism is reduced to one-half normal. Transplantation of 
pituitaries of normal mice into the dwarfs caused a resumption in growth 
and a return of the thyroids, adrenals and reproductive tract to normal. 
The males became fertile but the females remained sterile. The gene 
had acted through its effect on the pituitary function. Extracts from 
normal pituitaries of other species were likewise able to bring the dwarf 
mice to normal size and function. The replacement therapy had supple¬ 
mented the defective inheritance and brought the animal into nearly 
normal function, but it had in no way influenced the gene or its primary 
effect. The eosinophil cells of the pituitary were still only a small fraction 
of their normal number. So, too, the progeny of the treated males were 
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Table 1. Genetic Conditions Attributed to Single Inheritance Differences, 

Single Genes 


Condition 


Agnathia 
Fused teats 

Congenital lethal spasms 

Polydactylism 

Epithelial defects 

Nakedness 

Brachydactyly 

Dactylolysis 

Short mandible 

Hemophilia 

Paralysis—lethal 

Congenital palsy 

Transplacental isoimmunization 

Huntington’s chorea 

Xeroderma pigmentosum 

Rh-blood factor 

Alkaptonuria 

Chrondrodystrophia foetalis 
Polydactylism 
Phenylketonuria 
Flexed tail 

Short tail—urogenital defect 
Lens rupture 
Amputated 
Hemophilia-like 
Syndactylism—mule foot 
Porphyrinuria 

Polydactyly of feet and wings 
Ataxia 

Microphthalmia (small eye) 

Alpha-agglutinins 

H, H 2 Blood groups 

Epilepsy 

Prognothism 

Shaking paralysis 

Anemia 

Cartilage lethal 
Wobbly 
Photosensitivity 
Yellow fat 

Nervous incoordination 


ritance 

Animal 

r 

Cattle 

r 

Cattle 

r 

Cattle 

D 

Cattle 

r 

Cattle 

D 

Chicken 

r 

Chicken 

r 

Chicken 

r 

Dog 

r 

Dog 

D 

Dog 

r 

Guinea pig 

D? 

Horse 

D 

Human 

r, I 

Human 

D 

Human 

r 

Human 

D 

Human 

r ? 

Human 

r 

Human 

r 

Mouse 

D 

Mouse 

r 

Mouse 

r 

Pig 

r 

Kg 

D 

Kg 

r 

Pig 

r 

Pigeon 

r 

Pigeon 

r 

Pigeon 

D 

Rabbit 

D 

Rabbit 

r 

Rabbit 

D 

Rabbit 

r 

Rabbit 

r 

Rat 

r 

Rat 

r 

Rat 

r 

Sheep 

r 

Sheep 

r 

Sheep 


Investigator 


Annett 5 

Johnson 6 

'Gregory, Mead, and Regan 7 

Roberts 8 

Hutt, and Frost® 

Sturkie 10 

Warren 11 

Shoffner 12 

Gruneberg, and Lea 18 

Hutt, Rickard, and Field 14 

Stockard 15 

Cole, and Ibsen 16 

Levine 17 

Davenport 18 

Dresel 19 

Landsteiner, and Wiener 20 

Hogben, Worrall, and Zieve 21 

Morch 22 

Snyder 23 

Penrose 24 

Mixner, and Hunt 25 
Danforth 26 
Fraser, and Herer 27 
Johnson 28 

Bogart, and Muhrer 29 
Detlefson, and Carmichael 30 
Clare, and Stephens 31 
Hollander, and Levi 32 
Riddle, and Hollander 33 
Hollander 34 

Wheeler, Sawin, and Stuart 35 

Castle, and Keeler 36 

Nachtsheim 37 

Nachtsheim 38 

Nachtsheim 39 

Smith, and Bogart 40 

Gruneberg 41 

Castle, King and Daniels 42 
Hancock, and Basset 43 
Castle 44 
Rasmussen 45 


D—Dominant 
r—Recessive 

I—Incompletely dominant 

dwarfs of the same type as their parents, having received the gene for the 
condition unchanged from that transmitted to their fathers. As has 
always proven so in adequately analyzed cases, there is no transfer of 
the acquired growth recovery to the untreated offspring. The gene re¬ 
mains unmodified. 

Alkaptonuria, another inherited condition, has had its effects identified 
with recognized chemicals. The Alkaptonuric differs from the normal 
man in being homozygous for a recessive gene pair. People having this 
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inheritance lack a specific enzyme and cannot break down the 2,5- 
dihydroxyphenyl acetic acid of normal catabolism. By oxidation, this 
substance appears in the urine as dark pigment. The function of the 
normal gene appears to be that of forming the enzyme to complete this 
chemical breakdown. 

The cases cited in Table 1, will help to recall the multitude of in¬ 
herited effects which may be traced to gene differences within the host. 
For any one gene, the syndrome of effects produced is fairly specific, but 
the corollary does not follow that a pathological condition is, in itself, 
diagnostic of the presence of a particular gene. Haldane * 6 illustrates that 
fact with an apt case. He points out that one of the common causes of 
blindness is retinitis pigmentosa. This condition may be due to an auto¬ 
somal dominant gene in one case, a recessive autosomal gene in a second, 
a recessive sex-linked gene in a third, and a partial sex-linked gene in a 
fourth. The blindness in each case is similar, yet there is evidence in 
other effects such as those on hearing, that the genes control different 
stages in the development of sight. Pathologists will need to work out 
the different types, but it is certain that this cannot be done unil the 
gene responsible is known, for it is probable that this process through 
which each reaches its common goal, blindness, is different and will 
require different treatment for its cure. Symptoms are no more a criterion 
of identity of causes in genetic diseases than they are in dysenteries of 
as different etiology as bacillary and amoebic or in such common char¬ 
acteristics as color of eyes in Drosophila. Vermilion eyes are converted 
to wild type brick-red by an injection of kynurenine to replace the lost 
oxidation process of tryptophan to kynurenine normally occurring in 
vivo. Cinnabar is not so cured, as this gene affects a later stage in pigment 
formation. Scarlet and cardinal are not cured because they lack pigment 
precursors. The four genes all affect eye pigment and each is located 
in a different place in the chromosome complex. They have a certain 
similarity of symptoms but their inheritances and their chemical actions 
on the eye-forming process are different. As Gowen pointed out some 
time ago, the facts in diseases of pathogenic origin are in the same 
category. Although the disease syndrome is similar by the actual reaction, 
systems may be very different from individual to individual, owing to 
differences in genotypes of both the hosts and the strain of the pathogens. 
These differences may require radically different treatments to restore the 
individuals to health. 

Work on chemical genetics by Onslow, Scott-Moncrieff, Ephrussi, 
Beadle, Tatum and others is clearing up some of these problems. Not 
all disease effects are traced to host genes. Many disease reactions turn 
on inherited differences in a pathogenic species or in the interaction of 
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the host and pathogen genotypes. The chemistry of preventive and cura¬ 
tive drugs is helping to clarify the problem. 


Host Response to Infectious Disease 

In animals, instances where susceptibility or resistance to a disease is de¬ 
pendent on a single pair of genes are rare; yet some would be expected to 
occur, as the pathogen as well as the host has its characteristics prescribed by 
its ancestors. An epidemic disease of mice is a possible example. The patho¬ 
gen implicated is a long, slender bacillus, B. piliformis. This pathogen 
has strict growth preferences for the livers of particular mice. In nature, 
it attacks certain members of the Asiatic species, Mus bactrianus . Our 
ordinary house mouse, Mus musculus , is nearly, if not completely, re¬ 
sistant to the organism. Crosses between the two species lead to Fi’s which 
are resistant. Backcrosses to the susceptible Asiatic species give progeny 
which segregate for resistance and susceptibility in nearly the right pro¬ 
portions to account for the differences in resistance between the species 
as due to a single gene pair with resistance dominant. The closely estab¬ 
lished growth requirements of the pathogen suggest that the genes re¬ 
sponsible may affect a single chemical bond in the metabolic processes 
within the animal, leading to the production of a chemical required in the 
growth of B. piliformis . 

A like case is found in guinea pigs. In routine Wassermann tests in 
Vermont, Rich 47 noted guinea pigs which had no blood complement. 
Breeding tests showed that the characters, full and deficient complement, 
depended on a single gene pair, the deficient complement being recessive. 
A spontanous epidemic of B. suisepticus within this mixed colony pre¬ 
sented an opportune test for the part played by complement in resistance 
to this disease. Full-complement guinea pigs often developed lesions of 
the liver, spleen and peritoneum, but seldom died. The deficient-comple¬ 
ment pigs, on the other hand, died so suddenly that they did not even 
develop characteristic lesions. The focus of the epidemic was the deficient- 
complement pigs. An experiment to test this matter was performed. One 
hundred pigs of each group were inoculated with living B. cholerae suis 
under similar conditions. Seventy-seven of the 100 complement-deficient 
pigs were dead in 48 hours; twenty of the full-complement pigs died in 
the same period. The two experiments clearly show the significance of a 
single pair of genes to survival of their hosts when exposed to this disease. 
The effect was produced through a modification of a single blood-serum 
chemical, complement. Detection and study of the products of this gene 
difference furnished significant information on the chemical nature of 
complement. Full-complement pigs were either homozygous dominants. 
Cm Cm, or heterozygous Cm cm; the deficient pigs were homozvgous 
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recessive, cm cm . Breeding tests show that mothers whose blood is 
complement-deficient may have offspring which are normal—have full 
blood complement—depending on the genotype of the father. Similarly, 
mothers high in complement Cm cm can have offspring which are de¬ 
ficient. The numbers of these offspring meet the requirements of simple 
Mendelian inheritance. These facts prove that the condition is due to a 
single gene-pair difference. They show that the product formed, comple¬ 
ment, is a molecule of such size that it cannot pass the placental mem¬ 
brane. The data deal a severe blow to the advocates of the inheritance 
of acquired characters, since the inherited character, the gene for de¬ 
ficient complement, may be associated with the inherited factor, the gene 
for full complement, for many generations and yet produce its deficient- 
complement effect unchanged by this long association. 

The observed character in the normal guinea pig is complement. The 
alteration of this character changed the clinical and pathological possi¬ 
bilities of the guinea pigs. Studies by Coca 48 and Hyde 49 have thrown 
additional light on this change. It is not the whole complement “mole¬ 
cule” which is affected; it is only that part which is heat-stable at 56°C 
for 30 minutes. Tests by different disease-producing entities gave further 
information on the functional relations of the groups making up the 
complement molecule. At first thought, such a genetic constitution as 
that of the complement-deficient pigs might be considered to have no 
survival value. This is not the case; Hyde has shown that the complement- 
deficient guinea pigs are immune to the action of heterophilic sera, sheep, 
chicken and rabbit, whereas normal-complement pigs die within 2 to 5 
minutes after inoculation, with symptoms resembling shock. The gene 
mutation, from normal complement-forming to complement-deficient, led 
to two vital effects. The loss of this chemical from the blood resulted in 
increased susceptibility to certain diseases; the lack of this chemical in¬ 
creased the animal's resistance to a vivo chemical reaction involving 
heterophilic sera. 

As would be expected, many diseases of pathogenic origin show more 
complex reacting systems. The work on mouse typhoid specifies some of 
these problems as they occur in the Iowa State College Genetics Lab¬ 
oratory. The starting material was a single strain of the disease-producing 
organism, Salmonella typhimurium, the pathogen of mouse typhoid and 
a heterogeneous group of mice of no particular breeding. By selecting 
survivors within one mouse group, it was possible to establish in fifteen 
generations a strain which was 95 to 98 per cent resistant. Other strains, 
which were established through inbreeding alone, were found to have 
characteristic resistances ranging from 5 to 8 to 75 to 85 per cent. These 
differences in levels of strain resistance remain constant when the strains 
are exposed to the same number of organisms at the same age and under 
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the same standard conditions. Inheritance studies show that these strain 
differences are inherited in a complex manner. The chemistry of this 
process is unclear, although there are several observations which merit 
consideration. 

Studies of mice in health and in sickness show that the strains differ 
in disease expression in other ways than percentages of deaths. Bacteria 
apparently grow rapidly in the susceptible mice, giving rise to a general 
bacteriemia which usually terminates in death without liver lesions. The 
large liver lesions of the resistant strains exhibit few or no bacteria, 
although the effects of highly active toxins are evident. Lesions are 
separated from normal tissue by a dense concentration of heterophils, 
macrophages and fibrocytes. This barrier is sufficient to prevent the 
passage of toxins, etc., from the lesions to the normal cells, as the normal 
tissue is found to be functioning satisfactorily; glycogen is being formed 
and stored, fat that is synthesized and deposited takes characteristic dyes. 
The chemical functions of the liver are maintained for the normal body 
functions of the rest of the body. Susceptible mice show little gross liver 
damage but rapid deaths. Glycogen formation ceases in the whole liver. 
The fat does not stain properly. The liver is evidently in dysfunction, 
at least for the chemical processes connected with glycogen and fat 
formation. 

The liver and spleen filter out most of the invading typhoid organisms 
in mice. Strains of mice differing in their typhoid resistance react dif¬ 
ferently to the presence of the bacteria. The intermediate and highly 
resistant strains show severe liver lesions and less pronounced splenic 
lesions. Susceptible strains have few, if any, liver lesions. The macro¬ 
phages in the spleens of different strains react differently to the presence 
of the bacteria. Large numbers of bacteria are phagocytosed by the 
splenic macrophages of the susceptible mice. These bacteria stain and 
otherwise appear normal within the macrophage cells. Single cells may 
contain BO to 50 apparently healthy, reproducing bacteria. In fact, it 
appears as if the bacteria might reproduce within the cell to such an 
extent as to destroy the cell and release the bacteria to further the disease 
process. The macrophages of the resistant strains of mice react quite 
differently. Bacteria in these macrophages are difficult to observe. When 
found, these bacteria do not stain properly and the cell outlines appear 
ragged. The bacteria look as if they were undergoing rapid digestion by 
an intracellular enzyme. The enzyme which the observations suggest, 
could be generated in the resistant mice by the specific gene inheritance 
they receive, whereas the susceptible mice lacking the proper inheritance 
would lack the enzyme. This view is in agreement with modern views 
on the chemical action of genes in general. It raises problems of isolation, 
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demonstration, and structure of the hypothetical enzyme, together with 
the mechanism of its action. 

Similar chemicogenetic problems enter into acquired resistance to a 
disease gained through vaccination. The same three elements, host con¬ 
stitution, pathogen constitution, and environment contribute to the 
initiation and severity of a disease following vaccination as were im¬ 
portant to the animal prior to it. Vaccinating our six strains of mice, 
differentiated for normal typhoid resistance, with three lines of Salmo¬ 
nella typhimurium ranging from nearly saprophytic to highly virulent 
strains, gave the following results after vaccination. Vaccinated host 
strain differences, following a massive challenge dose of virulent live 
organisms, show direct parallelism to the genetic resistance of the strains 
on first exposure to the disease. Physiologically, the genetically controlled 
elements responsible for natural resistance appear to be those which are 
likewise important to the acquisition of resistance through vaccination. 
These observations materially affect the search for the systems involved. 
Genotype of the pathogen has a comparable effect within each mouse 
strain. The genetic elements leading to virulence or avirulence form one 
part of the reacting system; the other part is the constitutions of the 
hosts. The interactions of these systems give health, morbidity, or death, 
according to the particular position occupied within the system by the 
given host-pathogen genetic complex. 
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Introduction 

In 1912, McBain and his collaborators reported that a pure salt of a 
higher fatty acid—a soap—behaves like an ordinary electrolyte in very 
dilute solution, but exhibits properties typical for colloidal sols with 
increasing concentration. 13 To distinguish them from true electrolytes, 
McBain termed such substances colloidal electrolytes and defined them 
as electrolytes in which one ion is replaced by conducting colloidal par¬ 
ticles which are spontaneously formed in the solution. 16 - 18 When he pre¬ 
sented some of the evidence for the formation of such colloidal elec¬ 
trolytes to the Colloid Committee of the British Association for the Ad¬ 
vancement of Science, in London, in 1925, it was dismissed by the Chair¬ 
man with the word, “nonsense.” 16 

In 1947, it was stated for the first time by Hauser and his collaborators 
that solutions of certain antibiotics, like penicillin and streptomycin, must 
also be classified as colloidal sols and not as true solutions. 9 Soon, there¬ 
after, the results of more systematic research into the properties exhibited 
by solutions of antibiotics were submitted to gatherings of colloid 
chemists. 10 ' 11 During the discussions immediately following the presenta¬ 
tion of these papers, and since then in scientific literature, these new 
findings have been subjected to severe criticism. 13 ' 14 - 10 ' 23 

Since the problem of how antibiotics act is of more than academic 
interest, and their classification as colloidal electrolytes might make a 
considerable difference in explaining their activity, the following facts 
are offered as proof for their colloidality. Besides this it will once again 
prove how correct Darwin (1809-1882) was in his statement, “False facts 
are highly injurious to the progress of science; for they often endure 
long; but false views, even if supported by some evidence, do little harm, 
for everyone takes a salutary pleasure in proving their falseness.” 1 It is 
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therefore important to explain why the criticism voiced against classify¬ 
ing antibiotics as colloidal electrolytes is based on false facts. 


Chemical and Physical Aspects 

The basic formula for the most important penicillin preparations now 
in use is shown in Figure 1. The only significant difference from other 
suggested formulas lies in the composition of the hydrocarbon chains 
represented by R (Table 1) and the possible exchange of the H + ion of 
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Figure 1. Basic formula for penicillic acid. R is hydro¬ 
carbon chain. 


the hydroxyl group of the acid radical with other cations, resulting in 
the formation of salts, like sodium- or calcium penicillin. Molecular- 
weight determinations have been carried out by determining the diffu¬ 
sion constant 12 and by measuring freezing-point depressions. The mole¬ 
cular weight obtained ranged between 312 and 490, depending on the 
origin of the sample. Conductance measurements and osmotic activities 
of sodium penicillins in aqueous solutions of low concentrations have 
also been reported. 10 ' 1 - 17,19 * 22 On the basis of all these data it has been 
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concluded that penicillin salts in solution must be classified as simple, or 
completely dissociated, electrolytes. 12 ' 14 * 10 * 33,26 Although some deviations 
owing to ion size and interactions were taken into consideration, the re¬ 
sults were in general found to be in line with those to be expected from 
a 1:1 valence-type electrolyte. Similar results have also been reported for 
streptomycin and other antibiotics. 


Colloid Chemical Aspects 

If the above findings are compared with those made with substances 
termed micelle- or association colloids, or colloidal electrolytes today, 16 
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their similarity becomes evident. As stated in the introduction, the salts 
of the higher fatty acids, the soaps, are typical colloidal electrolytes. In 
extreme dilutions only highly disperse systems are formed, but with in¬ 
creasing concentration the degree of ionization drops and the particle 
size of the micelle increases, owing to association of molecules, until it 
reaches colloidal dimensions. Decreasing temperature aids, increasing 
temperature diminishes, micelle formation. 

While very dilute solutions of penicillin or streptomycin salts show 
only a bluish light cone if studied at room temperature in the ultra¬ 
microscope, concentrations as used for medical treatment reveal a clear 
Faraday-Tyndall cone. If the temperature of the solution is dropped 
below 20°C, even the very dilute solutions give rise to a Faraday-Tyndall 
effect caused by the formation of many colloidal particles of anisometric 
shape. 



0 20,000 40,000 60,000 

UN/TS /cc 

Figure 2. Conductivity of sodium penicillin at various concen¬ 
trations. 

The addition of minute quantities of electrolyte with multivalent 
cations, as for example, COCl 3 , A1C1 3 , or ThCl 4 , to solutions of crystal¬ 
line sodium penicillin increases immensely the number of ultramicro- 
scopically-detectable colloidal particles. If such a colloidal sol is subjected 
to ultracentrifugation, the system separates into two layers. One layer 
shows a high concentration of anisometric particles, whereas the other is 
optically void of colloidal matter. Microanalysis of these fractions reveals 
that the amount of sodium found in the continuous phase is exactly in 
the 3:1 ratio for the amount of Al +++ or Co +++ , and in a 4:1 ratio for the 
Th ++++ ions which had been added. This clearly indicates that an ion 
exchange reaction has taken place. The greater number of micelles 
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formed is attributed to the lesser hydration of the exchanging ions and 
the less pronounced ionization resulting therefrom. 

Specific conductivity tests of highly purified sodium penicillin solutions 
show a linear rise with increasing concentrations (Figure 2). 10 The peni¬ 
cillin salt is a colloidal electrolyte composed of ions, one of them being so 
large that it will not dialyze; but the number of ions and their charge 
still cause measurable conductivity. The condition therefore is compara¬ 
ble to that typical for normal electrolyte solutions. 5 The same results 
have also been found with streptomycin. 



0 20,000 40,000 60,000 


UNITS /c c 

Figure 3. Surface tension of crystalline sodium penicillin 
at various concentrations and times, determined with the 
pendant-drop method at 37° C. 

Surface-tension determinations of solutions of sodium penicillin carried 
out with the pendant-drop method not only revealed that this is a 
capillary-active substance, but that it must be classified as a colloidal 
electrolyte because its surface tension vs. concentration curve, in contrast 
to that of a normal capillary-active substance, shows a minimum 10 char¬ 
acteristic for colloidal electrolytes (Figure 3). 17 Streptomycin complex 
salts give similar, although not so pronounced, effects. 

Another property which permits differentiating between true elec¬ 
trolytes, colloidal electrolytes composed of anisometric particles, and 
macromolecular colloids, is the relationship between viscosity and con¬ 
centration. Whereas true electrolytes show practically no increase in 
viscosity with increasing concentration, and macromolecular colloids 
show a proportional increase, the viscosity of colloidal electrolytes in¬ 
creases far less. 22 Viscosity determinations of sodium penicillin sols gave 
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the same results as those reported for other colloidal electrolytes 
(Figure 4). 10 

A few years ago some work was carried out to ascertain whether elec- 
trokinetic potential studies of bacteria to which bacteriostatic agents had 
been added could shed some light on the question of what causes their 
activity. 2 Although a pronounced change in the potential of the bacteria 
was noticed upon addition of the agent, the conclusion was drawn that 
this could not have been the result of adsorption of the bacteriostatic 
agent on the surface of the bacterium. This opinion was based on the 
observation that the electrokinetic potential of quartz particles added 
to a similar medium was not affected. 



0 20,000 40,000 60,000 

UNITS /cc 

Figure 4 . Viscosity versus concentration curve of sodium penicillin. 


More recently, medical circles reported that penicillin causes a change 
of the electrostatic charge of susceptible bacteria which is measurable in 
terms of their zeta potential. It has also been claimed that bacterial 
growth in penicillin assay plates showed enhancement in electronegative 
and inhibition in electropositive zones. 3 ’ 25 These findings add further 
proof to the fact known to colloid chemists that bacteria act as cation 
exchangers. The antibiotic action of penicillin might therefore be com¬ 
parable to that reported for surface-active cations. It has also been ascer¬ 
tained that the addition of 2 to 6000 units of penicillin/ml changes 
a normal Staphylococcus aureus from being a Gram-positive to a Gram¬ 
negative organism. 6 

That the antibiotic is actually adsorbed on the surface of the bacterial 
cell has recently been demonstrated by the use of an ultraviolet-micro¬ 
scope. Penicillin salts fluoresce if exposed to ultraviolet radiation; if a 
nonfluorescing bacterial culture to which penicillin has been added is 
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studied with an ultraviolet-microscope, the individual cells will show 
a fluorescing surface, while the intensity of fluorescence in the dispersion 
medium decreases. 10 * 11 

Recently, several other investigators have reported surface-tension meas¬ 
urements on sodium penicillin solutions containing 10,000 units/cc or 
0.017 mole/liter. Lund and collaborator 14 have this to say: “In 1948 
Kumler and Alpen, employing both du Noiiy’s precision tensiometer 
and the capillary-rise method, carried out surface-tension measurements 
on aqueous solutions of crystalline sodium penicillin G and crystalline 
potassium penicillin G and found that solutions of penicillin G have a 
surface tension differing only little from that of water. Therefore, the 
solutions must be true solutions and not colloidal sols.” 

For sodium penicillin G at a concentration of 0.6 per cent and a 
temperature of 23°C, Kumler and Alpen 13 obtained a surface tension 
of 70.8 dynes/cm with the du Notiy tensiometer, and of 70.3 with the 
capillary-rise method. McBain and collaborators 10 also carried out sur¬ 
face-tension determinations of sodium penicillin G, but did not refer to 
the technique they used, nor did they give any results of their surface- 
tension measurements. They only state that above a concentration of 0.25 
mole/liter penicillin must be classified as a colloidal electrolyte; in lower 
concentrations, as an ordinary electrolyte. They attribute the fairly low 
surface tension they found, which was relatively independent of concen¬ 
tration, to small amounts of impurities. 

The results obtained with the pendant-drop method 9 ' 11 cannot be 
attributed to impurities, however, because all measurements were carried 
out with noncontaminated, absolutely fresh solutions made from the 
purest salts now obtainable. What seemingly has been overlooked is the 
fact that when measuring the surface tension of capillary-active substances 
in solutions of low concentration, the time factor must also be taken into 
consideration. This was noticed by du Noiiy, 20 > 21 who had found that 
certain colloidal substances, even at very high dilutions, lowered the 
surface tension of water substantially, as a function of time; or, in other 
words, that the static value was lower than the dynamic value. Later this 
was substantiated by McBain and his collaborators by the use of the 
PLAWM trough. 17 Du Noiiy must also be given credit, however, for hav¬ 
ing been the first to point out the shortcomings of his own tensiometer 
when applying it to the determination of surface tension of very dilute 
colloidal solutions. Discussing the causes of error in his technique, he 
states: “. . . The surface of the solution was disturbed every time a 
measurement was made, and consequently the successive measurements 
did not exactly express what the value of the surface tension would 
have been had the surface not been disturbed by the preceding measure¬ 
ment. In making a measurement, the surface of the liquid is so much 
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distorted that it was by no means certain whether this did not change 
the state of the surface layer and render the condition of rupture quite 
different from that which would have been obtained on an undisturbed 
surface. The distortion may have increased the distance between mole¬ 
cules, and this so rapidly that there was no time to reach an equilibrium 
before the film was torn.” 20 This was later substantiated and visually 
demonstrated by Hauser and his collaborators, who applied a high-speed 
motion-picture camera to record their observations . 7 Du Noiiy also made 
several suggestions as to how one could minimize this obvious shortcom¬ 
ing of his technique. Unfortunately, no, or very little, attention has been 
paid to them by those who use the du Noiiy tensiometer for the de¬ 
termination of the surface tension of dilute solutions of capillary-active 
substances. Of all methods known and in use today for the determination 
of surface- and interfacial tension, the pendant-drop method 8 is the only 
one which permits measurements to be made without disrupting or dis¬ 
torting the surface. Besides this, it is the only method which enables one 
to follow visually any change in the surface tension of a solution with 
time, and is therefore the only truly reliable one when dealing with 
ionizable, capillary-active substances in solutions of low* concentration. 
That determinations of osmotic activities , 14 freezing point depression , 13 
and even of equivalent conductivity 19 give results in line with those 
obtained when studying true solutions, may not be considered sufficient 
evidence to claim that solutions of penicillin salts are true solutions. 
These results must be considered in conjunction with the most accurate 
surface-tension measurements. A comparison of all data now available 
clearly indicates that penicillin salts must be classified as colloidal elec¬ 
trolytes. 
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Asexual Phase 

The various vegetative forms of the tubercle bacillus, which are called 
rods, bacilli, giant forms, ramifying, club-like, yeast-like, or granule 
forms, are all seen in the asexual or active form of this bacillus. It is 
proposed here to consider the significance, polymorphism, and mode of 
multiplication of these forms, matters on which investigators have diver¬ 
gent and often contradictory opinions. 

Polymorphism. In an earlier publication entitled “Transformisme 
genetique—Evolution,” the author has established certain fundamental 
principles governing polymorphism and the transmutation of bionts 
(living things), and these principles are applicable to the interpretation 
of the morphological variations of the tubercle bacillus. The principles 
are as follows: 

The volume of the primitive forms increases progressively and their 
surfaces become irregular, with corresponding diminution in their 
vitality and virulence . These changes are consequent upon structural 
degradation determined by nutritional differences and the resulting 
chemical differences. Variations in form and function are merely mani¬ 
festations of these structural changes. 

According to these principles, the tiny, perennial rods are the primi¬ 
tive forms, which under the influence of nutrition undergo structural 
alteration, turn into larger and often curved bacilli, and finally into 
giant forms; the vitality and virulence of these forms diminishes in 
an order and intensity corresponding to the changes in structure and 

* Albert Mary contributed a paper to Vol. II of this series (1928), pp. 869-876, 
entitled “Colloid Chemistry and Tuberculosis.” This refers to earlier work on the 
so-called “virus forms” of M. tuberculosis, which are still looked upon askance by 
those who fail to see that pleomorphism is not uncommon in microorganisms. The 
present paper outlines later observations and conclusions drawn by its author, who 
has worked long and extensively in this field.— Ed. 
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form. Mutations can be produced in the course of degradation, by 
dissociation of partly modified forms, and by their adaptation to another 
host, thus creating in the parasite a new biological specificity and modify¬ 
ing its descendants. 

The bacilli in a single culture undergo their evolutionary changes at 
different rates, according to their position relative to the milieu; and 
the changes in form therefore appear at different times, leading to 
marked polymorphism in the cultures. The terms polymorphism, pleo - 
morphism, and involuted forms , have the same meaning both morpho¬ 
logically and biologically. 

Variations in Staining. The several forms of the tubercle bacillus 
react differently to stains; the following classes are recognized: hyper 
acid-resistant; acid-resistant; cyanophiles; basophiles; iodophiles; etc. We 
do not know the cause of these variations. 

Our investigations indicate that the staining capacity of the bacilli 
is governed by products of lipid nature excreted by the bacilli. These 
substances are very chromophilic, but vary in location and in physical 
and microchemical nature. They can be seen in the larger parasites and 
are excreted by the protoplasm during the early stages of the culture, 
finally accumulating at the surface of the organisms to form what the 
author has termed ectoplasm . In early stages of the culture, no ecto¬ 
plasm having accumulated at the surface, dyes penetrate and stain the 
bacilli uniformly. In later stages, the ectoplasm, accumulated at the 
surface, forms a layer which, because of its chromophilic nature, seizes 
the dye, so that now only the surface is stained in a pronounced and 
selective manner. 

In media encouraging parasitic growth (which contain substances of 
lipid nature) ectoplasm is abundant; whereas in media encouraging 
saprophytic growth (which have little lipid material) there is much less 
ectoplasm. These changes in the ectoplasm are responsible for the varia¬ 
tions in the staining of the bacilli. There are no rigid limits to these 
staining variations, because there are no fixed variations of the ecto¬ 
plasm. Acid resistance decreases progressively in saprophytic media, 
while increasing in parasitic media. The contrary is the case with the 
capacity to stain blue. The staining of the granules found within the 
bacilli varies in like fashion; but in order to understand what these 
granules are, we must describe their mode of formation and their 
significance. 

Granules. All forms of the tubercle bacillus, as they grow older, 
divide their protoplasm into tiny masses, unequal in volume, which by 
dehydration progressively draw apart within the bacillus and constitute 
the resistant forms we term granules. The ectoplasm which coats the 
surface of the bacilli follows the retraction of the protoplasmic masses 
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Figure 1. Granule forms and ectoplasm. 

1/4,10: Rods of the Koch bacillus (1) with very dense protoplasm. Granules (4), formed by rup¬ 
ture and retraction of the protoplasm. Liberation of granules by rupture of membranes (10). 

11: Ectoplasmic lysis, with liberation of plasmatic granules. 

2,5,7,8: Larger tubercle bacilli, having less dense protoplasm and two unequal granules. 

3,6,9,12,13: Giant forms of the Koch bacillus, with less dense protoplasm, forming small granules 
separated by spaces because of the greater retraction of the granules. 

14,15,16: Dermatophytes of the genus Achorion and Tnehopyfon undergoing granular transfor¬ 
mation, and showing inequality in size of granules and degree of retraction. 

17 to 20: Ectoplasm formation in a Microsporon ; its creation in the protoplasm (18), and its lo¬ 
calization at membrane levels (19-20). 

21 to 26: Evolution of ectoplasm in parasitic fungi of the genus Achorion, 

(Numbers 1 to 13 are diagrammatic.) 
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within the bacilli, so that the “acid fastness’’ due to this ectoplasm tends 
to leave the surface of the bacilli and move towards the surface of the 
granules within the bacilli. A much mooted question has been the cause 
of acid fastness—whether it is due to the bacillary wall, or to the proto¬ 
plasm of the bacilli. Actually, ectoplasm is the cause; for by moving 
from the surface of the bacilli towards the surface of the granules which 
form within the bacilli, it brings about a shift in the acid fastness. 

The number of granules varies with each form, and depends on the 
degree of hydration of the protoplasm. The initial forms which have 
a denser protoplasm form a larger number of granules, whereas those in 
the saprophytic stage where the protoplasm is less dense have fewer 
granules. For the same reason there is variation in the distances between 
granules. With saprophytic forms the protoplasm is more highly 
hydrated, the retraction of the granules is more extensive, and the dis¬ 
tances separating them are larger. The opposite is the case with parasitic 
forms, where the protoplasm is denser and the granules draw apart but 
slightly. 

The granules which develop towards the ends of the vegetative forms 
are larger, because the growth of these forms is always apicular and the 
protoplasm is more abundant towards the ends of the organisms. Very 
large end-granules give rise to what we call clubs, which are found in 
all parasitic fungi under such names as “honeycomb candlesticks,” “cellu¬ 
lar nails,” actinophytes, etc. These clubs have no special significance, 
apart from the fact that their granules are large. The author’s researches 
on the granules of parasitic fungi have developed the following 
principles: 

Granule volume is controlled by a nucleoplasmic (i.e., nucleus/proto¬ 
plasm ratio ) constant, and by a cyto-ectoplasmic (i.e,, cytoplasm/ecto¬ 
plasm ratio) constant, and this leads to a constant ratio between the 
nucleus, the protoplasmic mass, and the ectoplasm. Virulence depends 
upon this last named ratio, because it is only by diffusion outside of the 
bacillus that the endotoxin can become an exotoxin. 

According to these principles, the smaller a granule the less virulent 
it is. Small granules have feeble vitality, so that filtrates containing only 
smaller granules are not very virulent. It is necessary, therefore, that a 
filtrate should contain many granules in order that after aggregation 
and inoculation it can produce the positive reactions which we will 
describe below.* Consequently, when the bacilli are young and have 

* After the author had described the process of formation of these granules of the 
Koch bacillus (Bull. Acad, de Medicine , 1934), his lamented friend M. Vaudremer, 
author of authoritative publications on the Koch bacillus, wrote him a letter from 
which the following is extracted: “Your work is exciting; nothing is more just than 
your criticism of the methods heretofore used to study bacilli in general, and tuber- 
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not undergone granular transformation, inoculation with filtrates is 
often negative. Furthermore, the methods used in preparing filtrates f 
adversely affect the granular transformation of the bacilli, thus increas¬ 
ing the number of granules passing through the filter and tending to 
render inoculation positive. 

Multiplication. Among the several modes of reproduction of the tuber¬ 
culosis bacillus, schizogenesis (duplication by fission) is considered class¬ 
ical; but it seems to be nonexistent because the bacilli do not divide 
into two like fractions. What gives the appearance of this mode of 
division is the breaking up of the protoplasm into endocellular granules 
which are aligned within the bacilli. However, there is no division of 
the bacilli into two like fractions with the participation of membranes, 
as we assume in duplication by fission, but a breaking up of the proto¬ 
plasm into unequal masses which, on development within the bacilli, 
produce granules of unequal volume. This inequality among the 
granules increases with the saprophytic evolution of forms, but dimin¬ 
ishes under the influence of parasitism. 

Another mode of division of the Koch bacillus has been described by 
Miehle, a partial sidewise cleavage, the two bacilli sticking together 
along part of their length, giving a Y-shaped form. These Y-forms do 
not come about by sidewise splitting, but arise when two bacilli adhere 
along part of their length during the initial phase of agglutination, 
as will be set forth below. Fontes believed that the filtrable granules 
are the original virus form of the Koch bacillus, and that the bacillus 
arose from a linear assemblage of several granules. This view appears 
untenable because no organism shows such a development, and the 
linearity of the granules is due to the breaking up of the protoplasm 
into little granules aligned within the bacillus. 

Thus, the Koch bacillus does not reproduce by fission, cleavage, or 
by linear assemblage of granules. There is, nevertheless, a germination 
of granules such as we observe in the granules or resistant forms (spores) 
of the other parasitic fungi. How, then, does the bacillus reproduce it¬ 
self and multiply? 

culosis bacilli in particular. To attempt to investigate so delicate a thing as a dead 
bacillus, stained by incredibly coarse methods, is to block all progress. Following your 
work, line by line, I see the point you are making, and you must know that I see it with 
greatest satisfaction. 

“I thought, and I think that the term ‘granulated’ indicates merely great mental 
satisfaction, and that what is called ‘becoming granular’ is without a definable inferior 
limit. 

“From the smallest form down to those where pleomorphism is most marked, 
corpuscles are found always at points corresponding to those where the protoplasmic 
masses are most condensed; these contract very slowly in the course of sporulation in 
ordinary cultures. 

“Your conclusions I accept naturally, having nothing to say against them . . .” 

fSee Valtis, J., “Le virus tuberculeux,” Paris, Edition Masson et Cic. 
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Sexual Phase 

Agglutination. A most striking fact in the development of the tubercle 
bacillus is that in ageing cultures, or on loss of vitality, or when the 
milieu becomes improper for the development of the bacillus, all the 
various forms are blended together. Kahn and Torrey followed micro¬ 
scopically the development of a single bacillus and observed that it 
breaks up into granules which, as soon as they become detached, as¬ 
semble into groups. This agglutinating tendency of all asexual forms 
explains why in all of our microscopic preparations we see large num¬ 
bers of bacterial groups which we called “clumps” but to which no 
significance was attached because according to microbiological concepts 
bacilli exist only as immutable entities, the agents of microbial disease. 
There existed among microbiologists an inclination to adhere to fixed 
ideas, and this denied the notion of transformation. Much can be said 
about this type of outlook, which has kept men in ignorance over 
twenty centuries, and has caused dire consequences in all fields of 
endeavor. 

The view that microbes agglutinate in order to undergo lysis and to 
die appears incredible, for nature does not follow fantastic procedures 
of this kind; microbes can die quite easily when isolated and without 
being brought together before dying. It is certain that our theories as 
to agglutination need justification, for, as Balzac said, too much of our 
science verges toward negation. Physical chemistry has often served to 
correct erroneous views. The author was thus led to do research on the 
problem of the agglutinated masses of microbes, since he considered our 
theories of agglutination to be inadequate. 

‘‘Voiles.” Agglutinated bacilli appear at first to be a network of ser¬ 
rated links which, little by little, become compact, turning into what 
the author called voiles . Alexander-Jackson calls them zoogleal forms 
and has published electron-microscopic pictures of them. Besancon and 
Philibert, Vaudremer, Legroux and Magrou, Haudroy, Arloing, Malatre 
and Dufourt, Lobstein, Fontes, Karwacki, Kahn and Torrey, have 
studied in the Koch bacillus what they called voiles or cyanophile 
reticulum . In the case of Bacterium coli , Winkler called it “plasmod- 
ium,” and in the case of Azobacter, Lohnis called it “symplasm.” De¬ 
scriptions of the mode of formation or the evolution of these forms, 
as given in texts, are very inaccurate. 

The author's researches on Actinomyces and the Koch bacillus indicate 
that the symplasmic matrix is devoid of vitality, because it results from 
a gelatinization of the ectoplasm which forms the surfaces of the bacilli. 
This ectoplasmic jelly, probably produced after the agglutination of 
asexual forms by the action of an autolytic enzyme, covers and protects 



Figure 2. Asexual and sexual cycle of the tubercle bacillus. 

6,7,8,9s Successive transformation of asexual diminutive rod forms (6) into non-acid-fast bacilli 
(7), and giant and ramifying forms (8, 9). Note progressive increase in volume of the bacilli. 

6',7',8's The asexual forms agglutinate into masses or clumps to enter the sexual phase. 

10,10',10": "Voiles" formed by lysis of the ectoplasmic envelopes of the agglutinated bacilli. 

11/12: The protoplasmic material separates out in granules (11), which are shown in a state of 
fusion (12). 

13,14: From the granular symplasm there emerges a large filament (13), which produces large 
avoid cells (14). 

15, 1 to 6: The ovoid cells become detached and eject ciliated and non-ciliated gametes (1 

9 and 1 d 1 ) which fuse (2) and produce "diplococci" (3); and these, in turn, by apical growth 
become diminutive rods (4) and recommence the asexual phase (5 and 6). 
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the nucleoplasmic material of the bacilli, which has been changed into 
granules. Furthermore, these voiles , at the conclusion of their evolution, 
shrivel up like dried leaves. The photographs of Alexander-Jackson favor 
this view. Let us now consider what happens to the granules, which 
constitute the living matter of the agglutinated bacilli. 

Symplasms. Daily examination of living material is necessary in order 
to distinguish and follow the granules. Above all, examination after the 
thirtieth day of development is essential, as the evolution of the sexual 
phase is slow and the granules are difficult to observe because of their 
small size and their refringence. 

To facilitate these investigations, the author used a liquid medium 
based on 4 per cent glycerin water with one per cent peptone, or else 
simply potato water, to serve as a saprophytic stock material. Before 
sterilizing these media, they were filtered to remove all particles coming 
from dissolved materials or from the potato. These liquid media have 
the advantage of preserving the various forms from desiccation, and of 
making the rate of their evolution more uniform. In order to avoid 
specimens that were too large, needles were used instead of pipettes, 
the material being spread out in droplets on the slide, covered with the 
cover glass; the specimen was thus examined while living. In this man¬ 
ner the author followed hundreds of preparations. 

All examinations were made on fresh material, that is, on unfixed 
and unstained preparations. In order to see the granules, high magnifica¬ 
tion (1000 to 1500 diameters) is necessary, with diaphragm somewhat 
closed because of the refringence of the material. Alexander-Jackson 
has used a triple stain on the voiles (zoogleal forms); although Grigoraki 
has not yet worked with this method, her photographs appear to be 
satisfactory. 

In 1938 in the course of the author’s observations on living specimens, 
he was delighted to make out, after' the fortieth day of the development 
of the cultures , great numbers of granules which had fused together; and 
he found that these fused granules formed a flat or spread-out mass with 
irregular borders, about 8^x15//. He called this mass of fused granules 
symplasm. 

One of the extremities of this symplasm sprouts out a large filament 
having a homogeneous protoplasm and bordered with a fine stripe, as is 
seen in embryonic cells. This large filament is about 20 p long, and 4 to 
5 ji wide; and it is probable that investigators who have reported seeing 
large filaments have actually seen these symplastic forms which have 
developed large filaments. These symplasms are also to be seen in the 
electron micrographs of Alexander-Jackson, and Dufourt of Lyon has 
advised the author that he has occasionally observed analogous forms. 
Towards the end and the side portions of these large filaments, there 
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(3) (4) 

From Alexander-Jackson, Ann. N. Y. Acad. Sci., XLVI, Art. 2,127-152 (1945). 

Figure 3. Micrographs of the tubercte bacillus. 

(1) Agglutinated bacilli and the beginning of lysis of the ectoplasmic envelopes (light micro¬ 
scope). (2,3,4) Electron micrographs, taken by James Hillier (RCA Laboratories). The products 
of ectoplasmic lysis form "voiles," which appear dark in the print. The large filaments seen in 
(3) and (4) probably arise from the symplasm. In (4) may be seen gametes (cocci and diplo- 
cocci), the "voiles" dissolving, meanwhile, as seen in (3). 
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develop from a long petiole several large cells , ovoid in form, 2 to 3 ^ 
across an.d 3 to 4 fi long. Reenstierna and other investigators have seen 
isolated cells like this, and described them as yeast-like forms. These 
large cells have a fine stripe on their border and their protoplasm, at 
first homogeneous, becomes granular on ageing. Breaking of the petioles 
sets these cells free, and at the points of rupture there is seen a conical 
sheaf composed of cocci-like forms . These cocci are of two kinds: one 
group is round, the other is elongated like a comma. The latter probably 
correspond to a ciliated form observed by Courmont in specimens made 
from the products of old tuberculous cavities. Each of these cocci-like 
forms arises from a different ovoid cellule. Two different cocci fuse 
together to give a diplococcus-like form; complete fusion of the two 
cocci gives a coccobacillus, which elongates by apical growth and forms a 
rod . This last corresponds to the initial form of the asexual phase, 
and the cycle recommences. 


Conclusions 

The tubercle bacillus develops in two phases: 

(1) An asexual phase , represented by all the vegetative forms whose evo¬ 
lutionary order is as follows: tiny rod, then the bacillary form, and 
finally giant forms. These transformations occur because of the degrada¬ 
tion which the organisms undergo under the influence of nutrition, 
which increases their volume but decreases their vitality and virulence. 
On ageing all these forms develop granules within. 

(2) A sexual phase , which begins by an agglutination of all the asexual 
forms. This agglutination develops when the forms undergo ageing 
or become exhausted, or develop under unfavorable conditions. The 
ectoplasm which covers the surfaces of the agglutinated bacilli gelatin¬ 
izes and gives an amorphous voile, while at the same time the nucleo- 
plasmic substance is transformed into granules within the bacilli. The 
fusion of these granules when liberated by the lysis of the ectoplasm 
gives rise to a symplasm .* This symplasm elongates and develops a large 
filament carrying large ovoid cellules which break free and discharge 
cocciform gametes . These cocciform gametes fuse two by two and pro¬ 
duce tiny rods which recommence the asexual phase. 

Phagocytosis and Relapse in Cyclic Diseases . Massive reproduction of 
gametes at the end of the sexual phase is responsible for the periodic 
outbursts of the disease, and perhaps the same is the case with relapses 
in cases of cyclic diseases. There is no explanation for a relapse if we 

* This behavior recalls what happens in slime molds, whose free-living units aggre¬ 
gate to form a pseudoplasmodium, from which sprouts a sporocarp.— Ed. 
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assume that immunity has brought about the lysis and the death of the 
bacilli. 

Phagocytes whose phagocytotic index (Achard) increases with agglu¬ 
tination, have the task of ridding the organism of agglutinated masses of 
microbes, and not of fighting against them. If these inactive masses are 
completely eliminated by the phagocytes before the end of the sexual 
phase, there is no relapse. On the other hand, if the agglutinated masses 
complete their sexual phase before being eliminated, and thus produce 
gametes, these gametes have a higher degree of vitality than the im¬ 
munity created by the first onset of the disease, and a relapse occurs in 
an attenuated form. 

Heredity and Contagion. Granules of the Koch bacillus can pass 
through the placenta and produce a fatal granuloma in the fetus. In the 
establishment of the tuberculous syndrome, apart from the factors of 
the microbe and the terrain, we must consider the accumulation of 
microbes within the organism. There must be a certain minimum 
quantity of forms before the bacilli can reach their sexual phase. There¬ 
fore contagion can develop only by prolonged contact. 

Classification. In agreement with Grigoraki’s teacher, Cuicart, Myco¬ 
bacterium tuberculosis must be placed with the Actinomycetaceae , for 
Actinomycetes also have a sexual phase, as described by the author in 
1932. 
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Editor’s Note 

The following criteria are mentioned by Dr. T. M. Rivers as being in use to dis¬ 
tinguish viruses from bacteria: 

(1) Viruses pass through bacteria-tight filters. (However, filtration is not always 
reliable) 

(2) Viruses are, for the most part, not visible in the ordinary microscope. [However, 
there is a gradual transition in size from viruses approximating molecular 
dimensions (e.g., foot-and-mouth disease virus, 10 mg) up to sizes approximating 
those of small bacteria (e.g., psittacosis virus, 275 m# Rickettsia, 300 mg; 
Bacillus prodigiosus, 750 m^). See W. M. Stanley, Vol. V of this series (1944), 
p. 807; and “Life, Its Nature and Origin,” by J. Alexander, p. 81, (Reinhold 
Publishing Corp., 1948).] 

(3) Viruses can grow only in the cells of a susceptible host. [A recent report states 
that the Rous “virus” has been cultivated in cell-free artificial media—see V. 
Wuerthele-Caspe, et al., J. Am. Med. Women's Assoc., 4, 135-41 (1949)]. 
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Furthermore, evidence is accumulating that some bacteria may give rise to forms of 
viral dimensions, which may regenerate the larger forms. See, e.g., “The Filtrable 
Forms of Bacteria: I. A. Filtrable Stage in the Life History of the Shiga Bacillus,” by 
Philip Hadley, Edna Delves, and John Klinek, J. Infectious Diseases, 48, 1-159 (1951). 

The principles of general semantics (A. Korzybski) should be invoked here. Obviously, 
the particular classification or name applied to a microbial entity will not affect what 
it actually does to the cells and tissues of a susceptible host. Facts should dominate 
the progress of science, not sterile wrangles over nomenclature. 

More recently, a mycobacterium-like pleomorphic organism has been isolated from 
many kinds of cancers, and has been grown in serial cultures in vitro. Hofrat Prof. 
Dr. Franz Gerlach (Moding-Wien) in his book “Krebs und obligater Pilzparasitismus” 
(Urban and Schwarzenberg, Wien, 1948), describes his long-continued and extensive 
work with this organism, referring on p 28 et seq. to the observations of Prof. Nello 
Mori (Naples), whose paper “Hypoth&se sur la nature microbienne du cancer” appeared 
in L'Hygiene Sociale, 101, 2032 (1933), with later papers in Reforma med. (1937-38). 
Mice inoculated by Gerlach with the organism cultured from cancers all developed 
some form of abnormal or diseased condition (cachexia, viscous exudates, etc.), though 
only 4.12 per cent developed actual tumors. Gerlach expresses the view (p. 127) that 
cancer is a generalized infection, the tumor being a local manifestation of it, and so 
to say its final and most evil outcome. This view accords with the fact that on 
inoculation into animals the organism becomes widely distributed and may be 
recovered again in cultures. 

Entirely unaware of Gerlach’s work. Dr. Virginia Wuerthele-Caspe (Newark, N. J.), 
in studying cases of scleroderma, observed an acid-fast organism in patients and sought 
the cooperation of Dr. Alexander-Jackson, who had done extensive work on the 
pleomorphic forms of M. tuberculosis [see e.g., “A Hitherto Undemonstrated Zoogleal 
Form of Mycobacterium Tuberculosis,” Ann. N. Y. Acad. Sci., 46, 127-152 (1945)]. In 
her paper Dr. Alexander-Jackson pointed out the similarity of pleomorphic forms of 
XI. tuberculosis to pleuropneumonia-like and other forms described in other organisms 
[see “The Significance of Pleomorphism in Bacteroides Strains,” L. Dienes and W. E. 
Smith, J. Bact. y 48 (2), 125 (1944)]. Using a special culture medium, Alexander-Jackson 
succeeded in cultivating the organism found in scleroderma, although it did not grow 
well on ordinary media; and these cultures produced characteristic lesions in animals. 
Her preliminary paper on the cultivation of a mycobacterium from the blood of 
patients suffering from leprosy (Hansen’s disease) has just (June, 1950) been sent to 
Science for publication. Pure cultures of these organisms have produced lesions in 
mice (alopecia, skin and ear ulcerations). 

On examining smears from cancer patients, stained by Alexander-Jackson’s triple 
stain [Science, 99, 307-8 (1944)], Wuerthele-Caspe observed small acid-fast forms resem¬ 
bling mycobacteria [see V. Wuerthele-Caspe, et at.. Bull. N. Y. Microscopical Soc. 
(August, 1948)]. In cooperation, these two investigators cultivated mycobacterium-like 
pleomorphic organisms from many cancers. Preliminary skin tests and serological tests 
carried out with the cooperation of Drs. Ralph di Falco and John Anderson (Rutgers 
University) suggest the specificity of this organism, in agreement with Gerlach. 

Drs. A. E. Gessler, Kenneth S. McCarty, M. C. Parkinson, et at., in a series of papers 
[see, e.g., Exptl. Med. and Surgery (Nov., 1947, Nov., 1948, Nov., 1949)] observed in 
the electron microscope, in sections made from human cancer tissue, submicroscopic 
particles not to be seen in similar sections made from normal tissues. The particles 
were isolated by a special technique; their size ranged from about 20 to 200 m^, but 
their shape was always spherical. These particles were indistinguishable from those 
isolated by the same technique from tumors in ducks induced by the 14D-7 duck 
variant of the Rous chicken sarcoma virus; and this similarity in size and shape 
suggested that the particles seen in human cancer may be a causative agent. These 
same investigators further found that when d-tryptophan was substituted in casein 
hydrolysate for the ^-tryptophan normally present in the mouse diet, the growth of 
spontaneous C3H mouse mammary tumors was greatly retarded. They also found that 
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the same tumors were eradicated by high frequency radiation of 200 to 3,000 mega¬ 
cycles [Exptl. Med. and Surgery (July, 1950)]. 

Dr. Peyton Rous has stated [Am. Scientist , 34, 329-58 (1946)]: “There is evidence 
showing that viruses persist in cells as harmless symbionts, ready to bring about disease 
when favorable conditions permit. An example of these so-called ‘latent’ viruses occurs 
in the King Edward potato, where it causes no evident disease; but it can kill other 
varieties upon inoculation. And a virus infection superimposed upon a ‘precancerous’ 
irritation may cause rapid cancer development.” The behavior of J. J. Bittner’s “milk 
factor” comes to mind. 

The newly discovered polymorphic cancer organism has, no doubt, been visible in 
some of its various forms to many investigators, but has been generally ignored as an 
“artifact” or a “tissue element,” since it found no place in the classical textbook 
picture. The fact that it can be cultivated in vitro , apart from living cells, means 
that it is not a virus within the scope of present classifications. The view is slowly but 
surely developing that many so called “viruses” and “ultrafiltrables” are either tiny 
organisms, or else are submicroscopic forms of pleomorphic organisms, which can and 
often do assume larger, microscopically visible forms. Chemical and Engineering News 
(June 5th, 1950) in reporting a recent address of Prof. Wendell M. Stanley (California) 
said: “The larger viruses have a chemical composition and properties which are char¬ 
acteristic not of molecules, but of organisms.” They thus form “a new link between 
the molecules of the chemist and the organisms of the biologist.” 

J. A. 



BLOOD GROUPS, WITH SPECIAL REFERENCE 
TO THE Rh-Hr FACTORS 


Alexander S. Wiener 

Serological Lab ., Office of Chief Medical Examiner, New York, N. F. 


In the fifth volume of this series, Boyd * has presented an excellent 
survey of general immunology from the chemical standpoint. The present 
section on blood groups deals with a small but important portion of the 
field of immunology. The field of blood grouping was opened by the 
investigations of Landsteiner, who also fathered the field of immuno- 
chemistry. For his fundamental research, particularly the discovery of 
the blood groups, Landsteiner was awarded the Nobel prize in medicine 
in 1930. From the outset he had visualized an individuality of the blood 
somewhat analogous to the individuality of fingerprints, and this concept 
has received considerable support recently, especially through the dis¬ 
covery of the Rh-Hr factors in which Landsteiner again played one of 
the leading roles. 1 * 2 

Aside from their practical importance, the blood groups are of interest 
to the immunologist because they provide one of the simplest and 
“prettiest” examples of serological reactions. The red cells form stable 
suspensions which give sensitive and consistent reactions and are there¬ 
fore ideal for the investigation of immunological phenomena. The blood 
groups are of interest not only to the serologist but also to the geneticist, 
because they provide the most striking example of Mendelian inheritance 
in man, and this knowledge has found practical application in medi¬ 
colegal cases of disputed parentage. Their most important applications 
are in clinical medicine, where knowledge of the blood groups and rhesus 
factors has made blood transfusion safe and has led to the explanation 
of a hitherto obscure blood disease of fetuses and newborn infants. 


General Principles 

To determine an individual's blood group, a suspension of his blood 
cells is tested with a battery of antisera, each of which is specific for a 

* Boyd, William C., in “Colloid Chemistry, Theoretical and Applied/’ ed. J. Alex¬ 
ander, Vol. V, pp. 957-9, New York, Reinhold Publishing Corp., 1944. 
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different agglutinogen. 3 For example, with the aid of the two sera, anti-A 
and anti-B, human blood can be tested to determine whether it contains 
either, both, or neither of two corresponding agglutinogens, A and B, 
and in that way human blood can be classified into four groups A, B, 
AB, and O. This scheme of four groups is increased to six groups with 
the aid of a special serum which distinguishes two main varieties of 
agglutinogen A. In a similar manner, with the aid of two antisera, anti-M 
and anti-N, a person can be classified as belonging to one of the three 
types, M, N, or MN. Recently, 4 * 5 another antiserum anti-S, related to 
M-N system has been found which increases the number of M-N types to 
six. A third system of blood types has been distinguished with the aid of 
the three Rh antisera, anti-Rh 0 , anti-rh', and anti-rh"; and two Hr anti¬ 
sera, anti-hr' and anti-hr", which theoretically in combination differen¬ 
tiate as many as eighteen types of blood, some of which, however, are 
quite rare. 6 Since everybody must belong to one of the A-B-O groups, 
to one of the M-N types, and to one of the Rh-Hr types, in all, 6x6x 18 
or 648 different types of human blood can be distinguished with these 
reagents. When we take into account other less readily available reagents 
such as anti-P, anti-rh w , anti-Le, etc., it is apparent that the number of 
possible subdivisions is increased to tens of thousands, so that Land- 
steiner's concept of an individuality of the blood is indeed close to 
realization. 

With the possible exception of the A-B-O substances, the chemical 
nature of the structures on the surface of the red cell responsible for the 
blood group reactions is unknown; thus far, these substances have been 
distinguished by their serological reactions alone. The antibodies in the 
serum, like other antibodies, are globulins, and the specificity of their 
reactions is usually explained on a steric basis, the shape of the antibody 
molecule being conceived as the counterpart of the shape of the corre¬ 
sponding agglutinogen. 7 - 13 While there seems no doubt that electrostatic 
forces play a role in these, as well as in other antigen-antibody reactions, 
it is doubtful, as Landsteiner, 11 Boyd, and others have pointed out, that 
true covalent bonds are formed. 

The polar groups probably initiate the combination of antigen and 
antibody, while the firmness of the union is most likely maintained by 
van der Waals forces. The hapten groups on the red cells and the corre¬ 
sponding active patches in the antibody molecules are relatively small, 
and it may seem strange that a tiny antibody link should be strong 
enough to hold together relatively massive objects like red cells. The 
probable explanation is that the hapten groups are repeated at regular 
intervals about the periphery of the red cells, so that multiple bonds are 
formed at each area of contact between cells. 14 For example, in Figure 1 
we have presented a theoretically possible arrangement of the A-B-O, 
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M-N, and Rh-Hr haptens on the surface of the erythrocytes. The sero¬ 
logical reactions suggest that the A-B-O haptens are far more numerous 
than the M-N and Rh-Hr haptens. For example, although the reactions 
in Rh tests correctly performed are just as distinct as in A-B-O tests, the 
clumps are much more fragile in Rh tests and are easily broken apart by 
shaking. 

In general, agglutination occurs when the specific antibodies link to¬ 
gether the corresponding haptens on adjacent red cells. According to this 
concept the antibodies producing agglutination must be at least bivalent 
and may be multivalent. Since it is postulated that multiple links are 
formed, the question may be raised as to how it is possible for the 


Figure 1. Diagrammatic visualization of a 
possible arrangement of haptens on the sur¬ 
face of red cells. 


•“A-B-O Haptens 
x-M-N Haptens 
®“ Rh-Hr Haptens 
• - Haptens of other specificities; 
species specific haptens 

haptens on two contiguous cells to be aligned so that they match pre¬ 
cisely. A possible explanation is that the haptens are arranged in a 
regular pattern on the surface of the cells, so that when any two pairs of 
haptens on contiguous cells come in contact, all the haptens become 
aligned. The principle would then be similar to the one utilized when 
mounting a tire on the wheel of an automobile. It seems apparent there¬ 
fore that there must be many agglutinogens on the surface of the red 
cells which cannot be detected serologically. For example, an agglutino¬ 
gen which is distributed at wide intervals about the periphery of the 
cells could not be detected, because even if an antibody were formed, 
the number of links would not be sufficient to hold the red cells together 
firmly enough to give a distinct reaction. 

The recent work on the Rh-Hr system of blood factors had led to the 
discovery that sensitized (or immunized) individuals form more than one 
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variety of antibody of a given specificity. When it was found that many 
individuals with clinical evidence of Rh sensitization had no demon¬ 
strable Rh agglutinins in their sera, it occurred to the writer that a dif¬ 
ferent type of Rh antibody might exist, incapable of clumping cells in 
tests as ordinarily carried out in saline media. Such antibodies were 
visualized as being univalent instead of bivalent, so that when they com¬ 
bine with red cells in saline media, they “coat” the erythrocytes without 



Rh Blocking Antibody Anti-Rh Agglutinin Blocking Reaction 

Figure 2. Diagrammatic representation of the reactions of univalent and bivalent Rh antibodies. 

clumping them. Based on this concept, the blocking test for detecting uni¬ 
valent antibodies was devised. 15 * It was found, moreover, that when the 
tests with such antisera were carried out in plasma media or serum media 
instead of saline, clumping resulted. 16 This is explained by postulating 
that serum contains a substance called conglutinin, a colloidal aggregate 
of serum proteins which, like complement, is adsorbed only by specifically 
sensitized red cells and causes them to stick together. This type of clump- 

* Working independently. Race 154 encountered the Rh-blocking antibody when he 
pooled Rh antisera in an attempt to produce a polyvalent serum. When the pooled 
serum failed to give the expected reactions, he traced this to the effect of Rh-blocking 
antibody in the serum. 
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ing is called conglutination to distinguish it from the clumping pro¬ 
duced by bivalent antibodies, which is designated as agglutination. The 
differences between the agglutination, conglutination, and the blocking 
reactions are represented in Figures 2 and 3. 





Rh Blocking Antibody 
(Rh Glutinin) 


"Coating 1 ' of Rh+ Cells 
w»h Glutinin 



Figure 3. Diagrammatic representation of the conglutination reaction. 


Blood Groups and Transfusions 

The most important practical application of blood grouping is in the 
selection of donors for blood transfusion purposes. For this work, the 
most important blood groups are the original four Landsteiner groups, 
O, A, B, and AB. These groups are unique in that the isoagglutinins 
anti-A (or alpha) and anti-B (or beta) exist preformed in normal human 
sera. On the other hand, normal human sera hardly ever contain pre¬ 
formed agglutinins for the M-N and the Rh-Hr systems of antigens; these 
reagents can, however, be obtained by immunization. 

Under Landsteiner’s law, those isoagglutinins are present in the serum 
and only those for which the corresponding agglutinogen is lacking from 
the red cells, except in newborn infants. For example, the serum of indi¬ 
viduals of group A contains beta-agglutinins but never alpha-agglutinins. 
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Therefore, if an individual of group A is given a transfusion of blood 
containing the agglutinogen B (group B or AB) the donor's cells may be 
clumped and/or lysed in the patient’s circulation, giving rise to a serious 
reaction. In patients surviving the reaction, the titer of the corresponding 
isoantibody usually rises as a result of the isoimmunization, so that if 
some time in the future the mistake were repeated, the recipient would 
probably not be as fortunate the second time. Such dangerous reactions 
were largely prevented when blood grouping came into routine use for 
the selection of donors for blood transfusion. During the fourth decade 
of the present century, with the introduction of blood banks and the 
more widespread use of the citrate method of transfusion, the number of 
blood transfusions given increased tremendously. It was then noticed 
that even when the patient and the donor belonged to the same group, 
hemolytic reactions occasionally occurred. In a number of these cases it 
was possible to demonstrate in the serum of the recipient an irregular 
agglutinin which appeared to be responsible for the reaction. However, 
no attempt was made to correlate these observations with one another, 
and no further progress was made until the discovery of the Rh factor 
was announced by Landsteiner and Wiener in 1940. 

Actually, the discovery of the rhesus factor dates back to 1937, when 
Landsteiner and Wiener 17 conducted an investigation on the evolution 
of the M agglutinogen. They were able to demonstrate a step-like evolu¬ 
tion of this property from the lowest primates up to men. When Land¬ 
steiner and Wiener found that rhesus monkeys possessed an M-like ag¬ 
glutinogen, they injected rhesus blood into rabbits, and in that way pro¬ 
duced antisera capable of clumping specifically human red cells contain¬ 
ing the M agglutinogen. Previously, Schiff and Adelsberger 18 had found 
that the injection of sheep blood into rabbits resulted in the production 
of antisera specific for human A blood. It then occurred to Landsteiner 
and Wiener that it might be possible to produce other heterogenetic 
antisera which could detect hitherto unknown properties of human 
blood. Continuing this line of investigation, they then found that certain 
rhesus antisera contained antibodies for human blood differing in spe¬ 
cificity from any antiserum previously described. The rhesus antisera 
clumped the bloods of about 85 per cent of all the Caucasoids, between 
90 and 95 per cent of all Negroids, and practically all Mongoloids. 
Human bloods clumped by the anti-rhesus sera evidently contain an 
agglutinogen related to one present in rhesus blood, and are therefore 
said to be rhesus-positive (or Rh-positive), while bloods not clumped by 
anti-rhesus serum are said to be rhesus-negative (or Rh-negative). 

At first, this finding appeared to be only of academic interest. In 1939, 
however, Wiener and Peters 19 studied three cases of intragroup hemolytic 
transfusion reactions, one fatal, and demonstrated in the sera of all three 
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patients agglutinins of parallel specificity, which clumped the bloods of 
85 per cent of all the Caucasoids. This suggested that the blood factor in 
question might be identical with or related to the Rh factor previously 
discovered by Landsteiner and Wiener. Indeed, it was found that all 
three patients were rhesus-negative, while all the incompatible bloods 
were rhesus-positive, and that the irregular agglutinins gave reactions 
parallel to the anti-rhesus sera. 

It has been found that fully 90 per cent of intragroup hemolytic reac¬ 
tions could be explained on the basis of Rh sensitization, and that if 
Rh-negative patients are transfused with Rh-negative blood such reac¬ 
tions could be prevented. 10 * 20 Since serum of Rh-negative persons does 
not contain preformed Rh antibodies, transfusions of Rh-positive blood 
are not harmful until such recipients have become sensitized. It has been 
found that Rh sensitization could arise in one of two ways, namely, as a 
result of a previous injection of Rh-positive blood or a pregnancy with 
an Rh-positive fetus. 10 * 21 

As a result of these findings, Rh testing has become a routine pre¬ 
liminary procedure before all blood transfusion procedures, and all Rh- 
negative individuals are given Rh-negative blood, not merely to avoid 
a reaction, but also to avoid the development of Rh isosensitization. As 
will be explained in a later section, aside from its role in transfusion, 
Rh sensitization of an Rh-negative prospective mother may cause a blood 
disease in her Rh-positive fetus, as was first demonstrated by Levine and 
his collaborators. 22 

An important practical problem is the production of Rh testing serum. 
While much of the original work was done with animal anti-rhesus 
serum, it was found that more satisfactory results are obtained with 
human sera obtained from sensitized Rh-negative individuals. In fact, 
most of the antisera used today is derived by immunizing Rh-negative 
male donors with Rh-positive blood, 22 in order to stimulate the produc¬ 
tion of potent antibodies. It is not difficult to understand why human 
antisera give more satisfactory results than the anti-rhesus sera. The 
human antisera, having been prepared with human blood, are homo¬ 
specific, while the anti-rhesus rabbit or guinea-pig sera are heterospecific. 
Therefore, the human antibodies fit the antigen precisely, like a key fits 
its own specific lock, while the anti-rhesus animal sera are in the nature 
of skeleton keys and react less avidly with the human Rh agglutinogen. 24 


Heredity of the Blood-Group Factors 

The blood groups furnish the most striking example of Mendelian 
inheritance in man, and the recent work on the heredity of the Rh-Hr 
types, in particular, has stimulated a greatly increased interest in human 
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heredity. In the limited space available it will only be possible to outline 
these findings very briefly. 

As has been demonstrated by Bernstein, 26 the four Landsteiner blood 
groups are inherited by a series of three allelic genes, most conveniently 
designated as 1°, I A , and I*, respectively, so that there are six genotypes 
corresponding to the four blood groups as shown in Table I. The dis- 


Table 1. The A-B-O Phenotypes 
and Genotypes 


Phenotypes 

Genotypes 

o 

I°I° 

A 

7 A 7 A and 7 A 7° 

B 

7®/® and 7®/° 

AB 

7 A 7®H 


covery of variants of agglutinogen A, and the probable existence of 
similar variants of the agglutinogens B and O, indicate that the situation 
is actually far more complicated. If one takes into account only the major 
variants A t and A 2 , a series of four allelic genes must be assumed. 26 

In Table 2 are given the reactions of the four agglutinogens corre¬ 
sponding to the four postulated genes. 27 The sera anti-A, anti-B, and 
anti-Ai are the ones available for routine use; sera of specificity anti-O 


Table 2. The A-R-O Series of Genes and the Reactions 
They Determine 


Genes 

Corresponding 



Reactions with Serums 


Agglutinogen 

Anti-Ax 

Anti-A 

Anti-B 

Anti-G 

Anti-O 

JAl 

Ai 


+ 

_ 

+ 

_ 

I s 

B 

— 

— 

+ 

+ 

— 

i Ai 

a 2 

— 

+ 

— 

— 

+ 


o 

— 


— 

— 

+ 


are quite rare and are most often obtained from individuals of subgroup 
A t B, while serum anti-G has only been encountered a few times and its 
reactions are not entirely certain. 

According to the theory of Landsteiner and Levine 28 the three M-N 
types are inherited by a pair of allelic genes, preferably designated as 
L* and L 1 ? respectively, so that there are three genotypes corresponding 
to the three phenotypes. A priori one would expect that this theory over¬ 
simplifies the situation, as in the case of the theory of three allelic genes 
for the four blood groups. That the situation is far more complicated 
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has in fact been established by the discovery of the existence of the rare 
variants N 2 and M 2 , and especially by the recent important discovery 
of Montgomery and Walsh 4 of a new agglutinogen, designated S by them, 
which is related to the M-N system of antigens. The agglutinogens M 
and N occur in at least two forms, one with, and one without agglutino¬ 
gen S. Taking only the agglutinogens M, N, and S into account, it is 
necessary to postulate 20 a series of at least four allelic genes as shown in 
Table 3. 

In the case of the Rh-Hr types, 30 there are available for general use 
Rh antisera of the three “standard” specificities, anti-Rh 0 , anti-rh' and 
anti-rh", and in addition, a less common anti-Rh serum designated as 
anti-rh w . Of three theoretically possible 31 Hr antisera only anti-hr' and 


Table 3. The M-N Series of Allelic Genes 


Genes 

Corresponding 


Reactions with Serums 



Agglutinogens 

Anti-M 

Anti-N 

Anti-S 


L u 

M 

+ 

_ 

_ 


L Ma 

Ms 

+ 

— 

+ 


L N 

N 

— 

+ 

— 


L Nfl 

Ns 

— 

+ 

+ 



anti-hr" have been demonstrated beyond doubt. 32 * 34 According to the 
theory of Wiener, 30 the Rh-Hr blood types are inherited by a series 
multiple allelic genes, of which a minimum of eight “standard” genes 
has been proved 35 to exist, namely r, r', r", rv, R°, R l , R 2 and R*. With 
the aid of the recently discovered anti-rh w serum, a ninth allelic gene 
R lw has been completely identified by Callender et al ., 36 who also state 
they have identified an additional agglutinogen giving reactions corre¬ 
sponding to those expected for gene r ,tp . Wiener 27 has reported the 
existence of numerous bloods giving weak or intermediate reactions with 
Rh or Hr antisera, indicating the existence of numerous variants of 
the Rh-Hr factors, and this work has been confirmed by British 
workers. 37 ' 38 Therefore, the list of Rh series of genes given in Table 4 
actually greatly over-simplifies the subject. 

Knowledge of the inheritance of the Rh-Hr types is of value for 
predicting the outcome of pregnancies in which sensitized Rh-negative 
women have Rh-positive husbands. 39 Knowledge of the heredity of the 
blood groups in general has been applied in cases of disputed parentage. 
In such cases, obviously, the blood groups can be used only to exclude 
and not to prove parentage. The instances in which parentage can be 
excluded are summarized in the following laws 40 : 
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(1) The agglutinogens A, B, M, N, S, P, Rh 0 , rh', rh", rh w , hr', and 
hr" cannot appear in the blood o£ a child unless present in the 
blood of one or both parents. 

(2) Group AB parents cannot have group O children, and group O 
parents cannot have group AB children. 

(3) Type M parents cannot have type N children, and type N parents 
cannot have type M children. 

(4a) rh'-negative parents cannot have hr'-negative children, and hr'- 
negative parents cannot have rh'-negative children. 

(4b) rh"-negative parents cannot have hr"-negatiye children, and hr"- 
negative parents cannot have rh"-negative children. 

If a man is falsely accused of parentage he can be exonerated, on the 
average, in about half the cases by the blood tests. The subgroups of A 
increases the chances only slightly, and are not considered sufficiently 
reliable for medicolegal cases. Blood tests have also been used in a num¬ 
ber of cases where babies had been interchanged in hospitals. For further 
details concerning this aspect of the subject, the reader is referred to the 
excellent book by Schatkin. 41 

"Mosaic" Structure of Agglutinogens 

Since, according to the modern concept, antibodies are formed in a 
manner similar to the preparation of a cast from a mold, there obviously 
is no one-to-one correspondence between antigens and antibodies, be¬ 
cause a single antigen could give rise to a multiplicity of different anti¬ 
bodies. In a recent review Haurowitz 42 has presented a clear description 
of the manner in which antibodies are probably formed. First, the glob¬ 
ulin molecule is reproduced in an extended form by the production 
of a positive replica of the peptide chain of a template.* The newly- 
formed globulin molecule then curls up to form an ellipsoid, and polar 
groups at the surface of the molecule adapt themselves to the surface of 
any foreign antigen contained in the antibody-forming cell so as to form 
a negative impression of the surface of the antigen. 

Landsteiner 43 has indeed shown, with the aid of antigens containing 
simple hapten groups of known chemical composition, how a single 
antigen can give rise to a multiplicity of antibodies. For example, im¬ 
mune sera for m-aminobenzene sulfonic acid will cross-react with antigens 
containing o-aminobenzene sulfonic acid, m-aminobenzoic acid, and 
m-aminobenzene arsenic acid. By absorption experiments, it was possible 
to show that these cross-reactions were due not merely to a single poorly 
adapted antibody but to four distinct antibodies, and no doubt the num¬ 
ber of antibodies demonstrable would have been increased had a larger 
number of cross-reacting antigens been tested. 

* See page 243. 
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The principles discovered by Landsteiner by working with antigens of 
known chemical constitution must apply with equal force to antigens of 
unknown chemical structure. It is not remarkable therefore that red-cell 
agglutinogens, which probably have a molecular structure far more com¬ 
plicated than the chemicals tested by Landsteiner, behave in serological 
tests as if they had a “mosaic” structure. For example, by cross-testing 
anti-B sera with bloods of lower mammals, it was found 44 that the human 
B agglutinogen has a number of “components” or “partial antigens” 
designated as B l5 B n , B iU . . . . Similarly, human A agglutinogen has 
so-called F A components, as shown by tests with anti-sheep immune rab¬ 
bit sera. 18 In addition A 2 and O have components in common which are 
absent from A ± and B; A and B have components in common which are 
absent from O. 27 Moreover, by cross-testing anti-M and anti-N sera with 
bloods of apes and monkeys, at least five partial antigens have been 
demonstrated in human M agglutinogen, and at least two for human N 
agglutinogen. 17 Landsteiner’s concepts have been applied when devising 
designations for the human agglutinogens. For example, based on their 
serological reactions, the subgroups of A were at first designated as AA 1 
and AA 5 . 45 ' 46 When, however, genetic studies proved that AA X and AA 2 
were units transmitted by corresponding allelic genes, so that their reac¬ 
tions were due to partial antigens, the designations of the subgroups were 
simplified to A 1 and A 2 , respectively. 47 

When the heredity of the A-B-O blood groups was first studied, three 
possibilities suggested themselves, namely, (1) inheritance of independent 
pairs of allelic genes, A-a and B-b, 4S (2) inheritance by linked gene pairs, 
( Ab ), (aB), (AB), and (ab), 4 * or (3) inheritance by multiple allelic 
genes, 1 A , I n , and 7°. 20 A fourth possibility, namely, completely linked 
gene couplets, is obviously indistinguishable from the case of multiple 
alleles, and it is mere quibbling to try to distinguish the case of com¬ 
pletely linked genes from that of allelic unit genes. 50 Bernstein pointed 
out that if there were separate pairs of genes for A and B, then at equilib¬ 
rium the distribution of the blood groups in a population would satisfy 
the relation, ABxO = AxB. However, with only rare exceptions, this 
relation does not hold, so that it became evident that the blood groups 
must be inherited by multiple allelic genes. 

Similarly, in the case of the Rh-Hr types, one had to consider the possi¬ 
bility of four separate pairs of genes (either independent or linked) for 
Rh 0 , rh w , rh'-hr', and rh"-hr", respectively, or the alternative possibility 
of multiple allelic genes. As shown by Wiener, 51 the distribution of the 
Rh types in the population does not conform with the expectations 
under the former hypothesis, but satisfies instead the theory of multiple 
allelic genes. It is clear, therefore, that the factors, Rh 0 , rh', rh", rh w , hr', 
and hr" do not represent separate agglutinogens determined by corre- 
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sponding genes, but instead partial antigens, as in the case of AA X and 
AA 2 . Accordingly for agglutinogen Rh^, for example, the simple designa¬ 
tion Rhy is more rational than Rh 0 rh'rh w hr" (or CODe in the British 
notations), besides having the important advantage of greater simplicity 
(cf. Table 4). 52 

In cattle, the existence of more than 40 antigenic differences has been 
demonstrated in the blood cells. In a recent important paper, Stormont 65 
has shown that the resulting complex antigenic mosaic can be reduced 
to a few complex systems of agglutinogens, each transmitted by a series of 
multiple allelic genes, as in man. 


Table 4. The Allelic Rh Genes and Their Corresponding Agglutinogens 



Corresponding 

Agglutinogen 

Reactions with Rh Sera 

Reactions with Hr Sera 

Partial 

Antigens 

Present in 
Agglutinogen 

Gene 

Anti- 

Rho 

Anti- 

rh' 

Anti- 

rh" 

Anti- 

rh w 

Anti- 

hr' 

Anti- 

hr" 

r 

rh 

— 

_ 

_ 

... 

+ 

+ 

hr' and hr" 

r' 

rh' 

— 

+ 

— 

— 


+ 

rh' and hr" 

r" 

rh" 

— 



— 

+ 

— 

rh" and hr' 

r» 

rh y 

— 

+ 


— 


— 

rh' and rh" 

Ro 

Rh 0 

+ 

— 

— 

— 

+ 

+ 

Rh 0 , hr', and hr" 

K 

Rh, 

+ 

+ 

— 

— 

— 

+ 

Rh OJ rh', and hr" 


Rh 2 

+ 

— 

+ 

— 

+ 

— 

Rh OJ rh" and hr' 

R‘ 

Rh, 

+ 

+ 

+ 

— 

— 

— 

Rh OJ rh', and rh" 

R lw 

Rh? 

+ 

+ 


+ 


+ 

Rh OJ rh', rh w , 
and hr" 


Pathogenesis and Treatment of Erythroblastosis 

According to the theory of Levine et al ., 22 in typical cases of erythro¬ 
blastosis, an Rh-negative mother carrying an Rh-positive fetus becomes 
sensitized to the Rh factor, and the Rh agglutinins produced by her 
pass through the placenta and combine with the Rh-positive blood of 
the fetus, giving rise to one or another manifestation of erythroblastosis 
fetalis. This theory receives support from the observation that fully 
90 per cent of mothers of erythroblastotic babies are Rh-negative in con¬ 
trast to an incidence of only 15 per cent in the general population. 
However, it was difficult to explain why, in many of the most severe cases 
resulting in stillbirths, no Rh agglutinins were demonstrable in the ma¬ 
ternal serum; the same problem also arose in some cases of intragroup 
hemolytic reactions caused by Rh sensitization. 53 As already mentioned, 
it was then shown that these hitherto obscure cases were due to univalent 
Rh antibodies. Based on the theoretic concepts, moreover, it was postu¬ 
lated that univalent antibodies are composed of smaller molecules than 
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bivalent antibodies, and direct tests did show that univalent Rh an¬ 
tibodies readily pass through the intact placenta while bivalent Rh 
antibodies are held back by the placental barrier. (Other differences be¬ 
tween univalent antibodies and bivalent antibodies are shown in 


Table 5. Differences between “Univalent” and “Bivalent” Antibodies 


Characteristics 

Bivalent Antibodies 

Univalent Antibodies 

Common names 

Agglutinin; precipitin 

Glutinin; blocking antibody 

Usual time of appearance in 
course of immunization 

Early 

Late 

Chemical nature 

“Euglobulin”; precipitated 
by sodium sulfate solutions 
of concentrations 13.5 to 
17.4 per cent 

“Pseudoglobulin”; precipi¬ 
tated by sodium sulfate so¬ 
lutions of concentrations 
17.4 to 21.5 per cent 

Sedimentation constant 

18 

7 

Probable molecular weight 

930,000 

155,000 

Diffusibility 

Does not diffuse readily 

Diffuses readily 

Resistance to heating 

Relatively thermolabile 

Relatively thermostabile 

Reaction with cells in saline 
media 

Clumps cells by agglutina¬ 
tion 

Coats cells without clumping 
them 

Reaction with cells in plasma 
or serum media 

Clumps cells by agglutina¬ 
tion 

Clumps cells by conglutina¬ 
tion 

Nature of clumps 

Easily dislodged from glass 
surface 

Tend to adhere to glass sur¬ 
face 

Specificity of clumps 

Specific — clumps contain 
only one type of cell 

Nonspecific — clumps may 
contain more than one type 
of cell 

Reaction with cells in pres¬ 
ence of complement 

Does not fix complement or 
lyse cells 

Fixes complement and lyses 
cells 

Behavior relative to placenta 

Held back by the intact 
placenta 

Passes through placenta 
readily 

Role in erythroblastosis 

Minor 

Major 

Role in immunity 

Precipitating antibody 

Protective antibody 

Role in allergy 

Sensitizing antibody (reagin) 

Blocking antibody 


Table 5.) Thus, it is clear that it is the univalent Rh antibodies (glu- 
tinins or blockers) which cause erythroblastosis and not the Rh agglu¬ 
tinins as originally postulated by Levine, who did have available knowl¬ 
edge concerning the existence of two sorts of Rh antibodies when he 
investigated the subject in 1940. In the exceptional 10 per cent of cases 
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where the mother is Rh-positive, isosensitization to the A-B blood factors, 
Rh-Hr subtypes, and other blood factors has been demonstrated. 

That univalent Rh antibodies are the usual cause of erythroblastosis 
is proved by the correlation between the expectant Rh-negative mother’s 
Rh antibody titer and the incidence of stillbirths. 05 In erythroblastotic 
babies born alive, the red cells are coated with univalent antibodies. 
Many such babies appear quite well at first, but as complement and 





"Coating" of Rh+ Cells 
with Glutinin 



Figure 4. Diagrammatic representation of the antigiobulin test. 


conglutinin mature in their sera, intravascular lysis and clumping of red 
cells cause the development of anemia and jaundice within a few hours 
or days after birth. 56 About 50 to 75 per cent of such untreated babies 
die, and among those who survive, about 10 to 20 per cent subsequently 
exhibit sequelae of marked mental retardation. By the operation of ex¬ 
change transfusion, the mortality rate can be reduced to 10 per cent or 
less, and sequelae prevented. In this procedure, the baby's blood is with¬ 
drawn and simultaneously replaced by inagglutinable (Rh-negative) 
blood, the ideal procedure using about 1000 cc of blood (4 times a new¬ 
born baby's blood volume). 57 
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For best results, the occurrence of erythroblastosis should be antici¬ 
pated before the baby is born, and antenatal Rh typing of expectant 
mother and father, and Rh antibody tests have become routine. To detect 
and titrate univalent antibodies, the albumin-plasma conglutination 
technic gives excellent results, r,s though other satisfactory methods have 
also been devised, such as the antiglobulin test ao (cf. Figure 4). The 
blocking test is far too insensitive, because for blocking to occur all or 
almost all the Rh haptens must be coated with antibody, while only a 
small fraction of the Rh haptens need be coated for conglutination to 
occur. Therefore, the direct conglutination test is 5 to 40 times as sensi¬ 
tive as the blocking test. Nevertheless, the blocking test, the conglutina¬ 
tion test, and the antiglobulin test all appear to detect the identical 
antibody, and do not provide evidence for the existence of a third order 
of antibodies in the sense suggested by certain workers. Recently Morton 
and Pickles 60 have devised an ingenious test for univalent antibodies by 
trypsinating the red cells; this new test gives the same results as the 
conglutination and antiglobulin tests, but the exact mechanism by which 
trypsinating red cells brings about clumping is still obscure. Certain high- 
molecular substances such as gelatin, acacia, and dextran can function 
as conglutinin substitutes in the conglutination test, but their use has 
not found favor because of the tendency for nonspecific clumping. 61 


Concluding Remarks 

In the limited space available, it has been possible only to outline 
briefly the most important facts known concerning the human agglu¬ 
tinogens. While only the most important allelic series, A-B-O, M-N, and 
Rh-Hr were discussed, actually 7 separate series of allelic genes determin¬ 
ing red-cell agglutinogens are known at present. 02 Owing to limitations 
of space, no reference has been made to the important contribution 
studies on the distribution of the blood factors have made to physical 
anthropology. 

While the specific agglutinins, like other antibodies, have been shown 
to be serum globulins, little is known of the chemical nature of the red 
cell agglutinogens and this will be an important subject for future in¬ 
vestigations. The difficulty up to now has been to extract the red-cell 
agglutinogens in pure form from the red cells, and in quantities sufficient 
for chemical analysis. Some measure of success has been achieved with 
group substances A and B because these occur in soluble form and in 
large amounts in the secretions of a high percentage of individuals 
(secretors), and substances with similar serological reactions are ubiq¬ 
uitous in nature, occurring in many bacteria, and in animal secretions 
such as horse saliva and hog pepsin. From pioneering work of Land- 
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Steiner and Chase/ 3 it appears that the A-B group substances are muco- 
polysaccarides containing glucosamine and galactose, with amino-acids 
probably an essential component. In recent work Kabat et aZ. 64 have 
associated the A activity of preparations of hog and human origin with 
their content of fucose. 

The introduction of blood banks and increased safeguards surrounding 
blood transfusion procedures have led to the increased use of this thera¬ 
peutic measure, so that today blood is administered almost as freely as 
saline. As a result, rare cases of intragroup hemolysis have come to light, 
apparently due to isosensitization but without demonstrable in vitro 
incompatibility. In addition, the intense interest focussed recently on 
erythroblastosis fetalis has brought to light cases which are typical clin¬ 
ically except for the absence of manifest serological incompatibility. Such 
cases are possibly due to isosensitization against blood factors not de¬ 
monstrable by techniques available at the present time. Perhaps such 
factors occur too infrequently about the periphery of the cells to be 
demonstrable by clumping or lysis, and special new methods may have 
to be invented to demonstrate their presence. Eventually the day may 
come when Landsteiner’s prediction will be fulfilled, so that any person 
can be identified by his blood almost as readily as by his fingerprints. 
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DENTAL CARIES 


L. S. Fosdick 

Professor of Chemistry , Northzvestern University Dental School , Chicago, III. 


During the past few decades we have seen dental research bring order 
out of apparent chaos, so that we now have an explanation for man) 
of the seemingly conflicting observations that have been made in the 
past. 1 The first major theory of dental caries formulated by Miller 2 
and Black 3 indicated that the carious process was caused by microbial 
fermentation of carbohydrates with the formation of acids, particularly 
lactic acid. The substrate and the acid were supposedly held in place 
by a gelatinous plaque, so that the typical decalcified areas appeared 
in the teeth in the protected or unclean portions of the tooth surface. 
This theory did not provide any information concerning the methods 
or conditions under which the acids are formed nor did it explain 
many of the anomalies which are ever present in a condition dependent 
upon so many variables. According to the chemical parasitic theory, 
dental caries should be a function of the carbohydrate intake, but 
many clinical observations indicate that this is not necessarily true. 
Some inhabitants of various countries consume large quantities of 
carbohydrates yet have a low incidence of caries. On the other hand, 
there are individuals who consume small quantities of carbohydrates 
and have a relatively high incidence of dental caries. Furthermore, 
individuals with the same hereditary background, and even individuals 
in the same family, with similar diets, have different rates of caries 
formation. In view of the confusion that exists in interpreting the cari¬ 
ous process in the light of our older theories and in view of the clarity 
with which the newer theories may present the problem, it would be 
well to examine all available data before conclusions are drawn. 


Local Conditions for Carious Process 

It is known that the carious process always starts from the surface 
of the tooth and penetrates toward the pulp and that this process is a 
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decalcification of the inorganic materials of the tooth, accompanied or 
followed by a proteolysis of the organic materials. In the simplest form 
one may consider a system consisting of vital teeth which are normally 
bathed in saliva and are subjected to all the forces that exist in the 
mouth. Under these conditions, if the chemistry of the tooth substance 
is understood, and the composition and reaction of the saliva are 
known, we should be able to determine the variables affecting the 
tooth substance. 

Tooth Structure. An analysis of the tooth indicates that it is essen¬ 
tially a calcified organic material. The pulp on the inside of the tooth 
has an adequate blood supply containing all the ions and ingredients 
normally found in blood. Surrounding this is the dentine and cemen- 
tum, which so far as is known have no blood supply. It does contain 
considerable quantities of moisture. The moisture may or may not exist 
in definite channels; there is still considerable difference of opinion 
concerning the channels for the dental lymph. It is known, however. 


Table 1. Water, Organic and Inorganic Material 
in the Mouth 



Enamel 

Dentine 

Cementum 

h 2 o 

2.3 

13.2 

20 

Organic 

1.7 

17.5 

30 

Inorganic 

95.6 

69.3 

50 


that the dentine and cementum are highly calcified, having about 75 
per cent inorganic material. The enamel contains only traces of mois¬ 
ture and organic material. In fact, the only evidence of organic ma¬ 
terial in the intact enamel is found in the so-called lamellae. By means 
of proper decalcification, a slight amount of organic material may be 
demonstrated in the enamel, but the fact that it has not been shown 
to exist without previous decalcification indicates that even the major 
portion of this small amount of organic material may under normal 
conditions be in the form of calcium salts, probably the calcium salt of 
a protein (Table 1). 

It has been conclusively shown that the inorganic portion of the 
bone, dentine, cementum, and enamel is essentially the same, a major 
difference between these structures being the amount of inorganic 
material, rather than the kind of inorganic substances present 
(Table 2). This inorganic phase of bone and teeth has been ex¬ 
tensively studied both from a chemical and crystallographic point of 
view. It has been shown that the inorganic crystalline substance is 
definitely not a pure compound. It consists primarily of a contam¬ 
inated calcium phosphate. Whether the calcium phosphate crystals are 
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pure calcium phosphate having impurities in solid solution, or whether 
the ions other than the calcium phosphate exist in a regular oriented 
crystal pattern is not known. Some investigators have assigned the 
formula, Ca 3 (P0 4 ) 2 *nCaC0g, while others claim that the substance more 
nearly resembles apatite, Ca 10 (PO 4 ) 6 (OH) 2 . Insofar as apatite, a hydrated 
calcium phosphate, is an ionic crystalline compound, it lends itself 
readily to x-ray analysis for crystal pattern. This has been exhaustively 
studied by several investigators. The first investigators, Klement and 


Table 2. Composition of Inorganic Portion 
of the Teeth 



<%> 

Ca—35.7 (as CaO) 

50.0 

P—17.0 (as P 2 0 6 

39.0 

C0 2 

4.0 

h 2 o 

Mg—0.9 (as MgO) 

2.0 

1.5 

Na—0.7 (as Na 2 0) 

1.0 

K—0.16 (as K 2 0) 

0.2 

Cl 

0.05 

Pb 

0.02 

Fe 

0.02 

F 

0.02 

Total 97.81 


Tromel, 5 ’ 6 came to the conclusion that the crystalline material was rela¬ 
tively pure hydroxy apatite with other substances, such as magnesium 
phosphate, magnesium carbonate and calcium carbonate in solution 
and not in the regular crystalline pattern. These investigators found 
that if powdered bone or enamel were washed well with distilled water, 
the impurities could be removed, leaving relatively pure hydroxy apatite. 
The crystal pattern obtained by x-ray-diffraction analysis was identical 
with that obtained by mineral apatite. Bale, Le Fevre, and Hodge 7 
later came to similar conclusions by means of x-ray-diffraction analysis. 

Whether or not the carbonate and/or magnesium ions take part in 
the crystalline pattern or simply in solid solution is immaterial, as tooth 
substance should follow the ordinary laws of solubility. 

The Chemical Behavior of Calcium Phosphates. Perhaps an investi¬ 
gation of the behavior of the various types of calcium phosphates would 
explain some of the behavior of tooth enamel. In 1925 Wendt and 
Clark 8 made a comprehensive study of the system: calcium hydroxyde 
plus phosphoric acid. 

Ca(OH) 2 + 2 H 3 PO 4 -» CaH4(P0 4 ) 2 4- 2H s O 

Ca(OH) 2 + H3PO4-» CaHP0 4 + 2 H 2 O 

3Ca(OH) 2 + 2 H 3 PO 4 -► Ca3(P0 4 ) 2 + 6H 2 0 

10Ca(OH ) 2 + 6 H 3 PO 4 -> Cai 0 (PO 4 ) 6 (OH ) 2 + 18H a O 
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From their studies it is obvious that the only stable form of calcium 
phosphate above pH 5.2 is a hydrated calcium phosphate or apatite. 
Other research workers (Holt, LaMer, and Chown, 0 and Fosdick and 
Starke 10 have indicated that the inorganic portion of teeth and bone 
is very similar to the only stable form of calcium phosphate above pH 
of 5.2. The solubility products were similar and the solubility curves 



EQUIVALENTS OF HjPQ* NEUTRALIZED BY BASE 


Figure 1. Titration curves of H 3 PO 4 
with NaOH and Ca(OH)s. 


followed the same general trend as those determined by Wendt and 
Clark, using pure chemicals. 

Recently, Kuyper 11 made a comprehensive study similar to that of 
Wendt and Clark; however, instead of pure solutions he used solutions 
similar in composition to blood plasma for the precipitating media. He 
found that the resulting precipitate was identical in composition to that 
of bone and tooth salts. Thus, a very common chemical phenomenon is 
displayed. When insoluble salts are precipitated from solution, in a 
number of cases, depending to a large extent upon the salts present, 
many ions of different solubilities are “carried down” with the precipi¬ 
tates. This is especially true with calcium and barium salts. When one 
considers the mechanism whereby bone salts are precipitated to form 
bone and the hard structures of the body, we find a condition very 
similar to that which existed in the experiment of Kuyper. 

One may write the equation for the solubility product of calcium 
phosphate as follows: 

[Ca ++ ] 3 X [POfl 2 - K =* 10-* 7 

It is admitted that tricalcium phosphate is not the same as the hydrated 
form but the solubility curves should be very similar, as shown by the 
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work of Holt, LaMer, and Chown. In this equation the calcium ion, 
cubed, times the tertiary phosphate ion, squared, is equal to a constant— 
the solubility product. The blood plasma and interstitial fluids are 
normally saturated or supersaturated with calcium and phosphate ions. 
Hence any local increase in either the calcium or phosphate ion will 
cause a deposition of solid calcium phosphate, and if the pH is above 
5.2 the calcium phosphate precipitated will be in the hydrated form. 

It has been quite adequately demonstrated that the mechanism 
whereby bone salts are laid down in the organic materials is due to a 
local increase in phosphate ion. 12 It has been shown that the organic 
phosphates in the blood, which are normally un-ionized, are hydrolyzed 
to the free phosphate ion under the influence of certain phosphatase 
enzymes. It has also been shown that the osteoblasts of the bone or tooth 
organs contain a large amount of the enzyme, phosphatase, and hence 
when circulating blood or lymph contacts these bone-forming organs, 
there is a localized increase in phosphate ions, thus causing the solubil¬ 
ity product to be exceeded, with the subsequent precipitation of the 
solid crystalline material. These organs, through some unknown mechan¬ 
ism, cause an orientation of the crystals so that the normal pattern for 
bone, cementum, dentine, and enamel are formed.* On the basis of 
the above, it is obvious that the major constituent of the inorganic 
phase of tooth enamel is a hydrated calcium phosphate, and as the 
precipitation of bone salts follows the usual rules of solubility, it would 
be expected that the inorganic crystals in enamel and bone would be a 
contaminated calcium phosphate rather than the pure compound. The 
contamination would be comprised of those ions which are normally 
carried down when calcium phosphate is precipitated from blood plasma 
or lymph. Thus, those factors influencing the solubility of tooth enamel 
would be the same factors that would influence the solubility of tri¬ 
calcium phosphate, with the modifications that would result from con¬ 
tamination with other ions found in blood plasma. 

Insofar as experimental evidence has indicated that the solubility 
of human enamel is slightly greater than the solubility of tricalcium 
phosphate, we would expect that the enamel would dissolve under less 
rigorous conditions than if it were a pure compound. On the basis of 
the solubility product, however, it is quite clear that the two factors 
that would influence solubility to the greatest extent would be an 
alteration of the calcium-ion concentration and/or an alteration of the 
phosphate-ion concentration. There are many substances that would 
cause a decrease in the calcium-ion concentration. Such substances as 

* In this connection see a much neglected book by William M. Ord (London, 1879), 
entitled “The Influence of Colloids on Crystalline Form and Cohesion,” which discusses 
bone formation and the action of protective colloids in the light of then-existing in¬ 
formation. In the human organism protective colloids are ubiquitous.— Ed . 
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citrates, lactates, tartrates, or even sugars would bring about the forma¬ 
tion of un-ionized calcium complexes, thus causing a decrease in the 
calcium-ion concentration. Other substances such as the hexametaphos- 
phates and some of the organic ion-exchange compounds may do the 
same thing. Thus, it is possible that these substances may, if found in 
saliva or in the mouth, cause a depletion of the calcium-ion concentra¬ 
tion with the subsequent decalcification of the enamel. The only such 
substances that are likely to be found in the mouth are lactates, citrates, 
and sugars. None of these, with the possible exception of lactates, ma¬ 
terially occurs in the saliva, but citrates and sugars may be present for 
short periods of time as a result of the ingestion of foods containing 
these substances. The effect of these compounds on the solubility of 
calcium phosphates should be of little importance because the saliva 
always contains an excess of calcium ions. However, these factors in 
regard to the calcium ion cannot be ignored, because of the varying 
local conditions found in the mouth. 

There are few factors that will alter or influence the phosphate-ion 
concentration. Some of the anion-exchange substances which recently 
have been prepared could decrease the phosphate concentration, but 
most likely a change in the hydrogen-ion concentration would bring 
it about. The effect of a hydrogen ion is very profound and under cer¬ 
tain conditions may cause a total depletion of the tertiary phosphate 
ion. This can best be explained by the following equations: 

H3P0 4 ^H+ + H 2 P04- 

H 2 P0 4 -+± H + 4 * HPO 4 ” 

HP0 4 “<f± H + -f P0 4 s 

On the basis of the above, it is obvious that with an increase in 
hydrogen-ion concentration the reaction tends to go to the left, thus 
causing a decrease in the tertiary phosphate ion with a subsequent in¬ 
crease in the secondary and primary phosphate-ion concentrations and 
un-ionized phosphoric acid. It has been rather conclusively shown that 
at a pH of 5.2 or below, the tertiary phosphate ion is depressed to zero, 
and hence on the basis of the laws of solubility, the solubility product 
cannot be satisfied. Thus, at a pH of 5.2 or below, tricalcium phosphate 
or the hydrated forms cannot exist, and all of the phosphates are trans¬ 
ferred to the secondary or primary phosphates. Under these conditions 
the rate of solution would depend primarily upon the surface exposed. 
Fortunately this is never large. 

Thus, on the basis of the composition of the tooth, the only factors 
that would influence the solubility under conditions existing in the 
mouth are the increase in hydrogen-ion concentration or the presence 
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of lactates, citrates or sugars. This has been the subject of many excel¬ 
lent investigations. Benedict and Kanthak 13 studied the effect of hydro- 
gen-ion concentration on human tooth enamel in buffered solutions. 
Although the buffers used contained no calcium or phosphate ions and 
hence were not comparable to saliva, the results of their work were in 
accord with the theoretical aspects of the solubility of the caicium phos¬ 
phates. In the same year Enright, Friesell, and Trescher, 14 in a very com¬ 
prehensive study, among other things determined the hydrogen-ion com 
centration at which decalcification was initiated. Here again a theory 
was confirmed. It was found that little or no decalcification would occur 
above pH values of 5.2. In the following year Forbes 15 also studied this 
system, with comparable results. In 1938, Fosdick and Starke 10 found 
that the solubility of enamel in human saliva substantiated, in part, 
the theoretical aspects of the problem, but that the actual solubility 
curve was slightly higher than the theoretical. Thus, the enamel was 
found to be slightly more soluble in saliva than it should be, and it 
was found that the solubility was a function not only of the hydrogen- 
ion concentration, but also of the calcium and phosphate normally 
present in the saliva. 

The Chemistry of Saliva. Insofar as the saliva must be the carrier for 
any ionic solution of the tooth, the composition and variation in com¬ 
position of the saliva might indicate the cause of the destruction of the 
inorganic portion of the tooth enamel. The saliva as secreted is a water 
solution containing about 0.5 per cent solids. These solids are com¬ 
posed of the following constituents: 


Name 

Amount 
(mg/100 cc) 

Name 

Amount 
(mg/100 cc) 

Total solids 

386-860 

Nonprotein nitrogen 

5.6-25.7 

Calcium 

4-10 

Ammonia nitrogen 

2.1-13.2 

Phosphorus (inorganic) 

10-30 

Urea nitrogen 

0-6.7 

Chloride 

30-60 

Uric acid 

0.5-2.9 

Carbonate 

55-125 

Ptyalin 


Magnesium 

1.29 

Catalase 


Thiocyanate 

30.90 

Maltase 


Potassium 

55.89 

Urease 


Protein 

200-400 

Protease 


Mucin 

0.25 

Phosphatase 



The composition of saliva has been exhaustively studied. Perhaps the 
most thorough study is that of Becks and co-workers. 16-23 These men 
determined the calcium and phosphorus content of the saliva under 
practically all conceivable conditions. They found that the composition 
of saliva was variable, the concentration of its elements differing from 
individual to individual, and under various conditions in the same 
individual. Furthermore, the rate of flow of saliva was another non¬ 
constant factor. Of all the inorganic constituents of the saliva, only the 
calcium and phosphorus, carbonate and magnesium would have an ap- 
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preciable tendency to regulate the solubility of the enamel. The mag¬ 
nesium and the carbonates would depress the solution of magnesium 
carbonate and calcium carbonate, which are presumably impurities dis¬ 
solved in the hydroxyapatite of the enamel. The calcium and phos¬ 
phorus would tend to furnish the ions so that the solubility product 
of the hydroxy apatite would be satisfied. Of course, it is understood 
that the total calcium and the total phosphorus may play very little part 
in producing a saturated solution of these ions. The important part of 
the calcium or phosphorus is the calcium ion or the tertiary phosphorus 
ion. Unfortunately there has been little work done concerning the 
un-ionized phosphorus and calcium. The calcium-ion concentration is 
dependent upon the protein complexes in the saliva and also upon the 
presence or absence of such chemicals as citrates, lactates, and sugars. 
Fortunately, free sugar has never been demonstrated in the saliva, 
although reducing substances are present and galactose is present as an 
integral part of the mucin molecule. The tertiary phosphate-ion con¬ 
centration would depend primarily upon the hydrogen-ion concentra¬ 
tion of the saliva. Fortunately, the hydrogen-ion concentration of saliva 
has been exhaustively studied. 24 " 31 

It has been established that the normal hydrogen-ion concentration of 
the saliva is around pH 6.8 during the basal flow of saliva. Although 
there is considerable deviation from this value for different individuals, 
the pH of the saliva has never been recorded below pH 6, by means 
of accurate recording instruments. When the saliva is stimulated, as 
occurs with the ingestion of any food or during mastication, the pH of 
the saliva invariably rises and in many cases exceeds pH 8.4. Thus, it 
would seem that a sufficient supply of the tertiary phosphate ion is 
present in all freshly secreted saliva. The degree of ionization of these 
constituents has never been determined, but preliminary work in the 
laboratory of Northwestern University Dental School indicates that the 
calcium is affected more than the phosphorus. The nondiffusible calcium 
and phosphorus seem to be a function of erosion more than of dental 
caries (Table 3). 32 

Table 3. Nondiffusible Ca and P0 4 


Erosion N'oncrosion 

(%) (%) 

PO« 25 16 

Ca 27 16 


Furthermore, it would seem that the offending material may be citrates, 
which are present in erosion saliva in higher concentrations than in 
either normal caries-free or caries-active saliva (Table 4). 

Although the calcium and tertiary phosphate-ion concentration of 
saliva has never been determined, it is known that freshly secreted saliva 
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is always supersaturated with these ions, except possibly in the case 
of individuals suffering from erosion. This fact can readily be confirmed 
by shaking sugar-free saliva with enamel particles. The results of work 


Table 4. Citric Acid Content in Saliva 


Erosion Cases: 

Citric Acid in Saliva 

Case No. 

(mg/100 cc) 

1 

0.368 

2 

0.264 

3 

0.368 

4 

0.184 

5 

0.288 

6 

0.256 

7 

0.150 

8 

0.376 

9 

0.200 

10 

0.185 

11 

0.416 

12 

0.416 

13 

0.136 

14 

0.144 

15 

0.288 

16 

0.200 

Nonerosion Cases: 

Citric Acid in Saliva 

Case No. 

(mg/100 cc) 

1 

0.176 

2 

0.208 

3 

0.224 

4 

0.208 

5 

0.208 

6 

0.176 

7 

0.200 


Case No. 

Citric Acid in Saliva 
(mg/100 cc) 

17 

0.256 

18 

0.648 

19 

0.056 

20 

0.080 

21 

0.168 

22 

0.208 

23 

0.264 

24 

0.040 

25 

0.528 

26 

0.324 

27 

0.220 

28 

0.228 

29 

0.172 

30 

0.220 

31 

0.228 

Average 

0.254 

Case No. 

Citric Add in Saliva 
(mg/100 cc) 

8 

0.128 

9 

0.172 

10 

0.296 

11 

0.136 

12 

0.200 

13 

0.192 

Average 

0.194 


of this nature indicate that all salivas have a different degree of super¬ 
saturation, and that variation occurs from individual to individual 
(Table 5). 38 


Table 5. Saturation Value of Salivas for Enamel 


(12 cases of each) 


Saliva Type Ca 

Caries-free 6.1-3.0 

Caries-susceptible 6.0-4.4 

Erosion 6.2-5.8 


pH 

7.0-7.2 
6.9-7.0 
7.0-7.1 


Karshan 34 has shown that those individuals suffering from rampant 
caries have saliva that is not as saturated in respect to these ions as is 
the saliva from immune individuals. Whether or not this is due to a 
depression of the calcium ions or phosphate ions is not known, but in 
any event, calcium phosphate will invariably precipitate, except per¬ 
haps for erosion saliva. 
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On the basis of the above, it is obvious that the saliva as secreted has 
a powerful protective action against decalcification. Owing to the super¬ 
saturated state of this fluid a considerable depression of the calcium 
and/or phosphorus may take place without affecting the tooth structure, 
so that unless there are other agencies or factors that would locally 
reduce the calcium and/or phosphorus concentration, one could cate¬ 
gorically say that the teeth would not develop dental caries. However, 
there are many local factors which could, under certain conditions, 
depress calcium and phosphorus ions in particular areas of the mouth, 



Figure 2. Changes in pH of saliva of carious areas following 
application of sugar. 


thus causing many selective regions of decalcification. Any surface of 
the tooth that is not exposed to a continuous flow of freshly secreted 
saliva would be subjected to these local conditions, or any portions of 
the tooth in which food had lodged (such food becoming fermented 
or impacted without being washed out by the saliva and forces of mas¬ 
tication) could readily be subject to decay. It was one of the primary 
contentions of Black that carious lesions appear in well-defined areas be¬ 
cause of the protective action of impacted foods and the mucin plaque 
that is deposited in the so-called unclean areas of the mouth. Miller 
suggested that the impacted foods would slowly ferment, thus causing 
increased acidity in the localized areas. It was not considered that a 
very slow formation of acid would be likely to become neutralized by 
the slow seepage of saliva into these areas. The presence of a high 
hydrogen-ion concentration in these localized areas was suspected, but 
never actually demonstrated until Etherington and Trimble, 36 in 1934, 
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demonstrated pH values ranging from 4.6 to 6.8 in eighteen individuals. 
The pH of the interproximal spaces of caries-active and caries-immune 
cases averaged about the same. 

In 1938, Stephan 86 measured the pH of 211 samples of plaque ma¬ 
terial and found that it ranged from 4.6 to 7.0. The average pH was 5.9, 
which is considerably above that required for decalcification of the 
teeth. From this report it would seem that the acidity of a carious area 
is not ordinarily that which would cause a decalcification but that occa¬ 
sionally a hydrogen-ion concentration sufficient to cause decalcification 
is observed. In 1940 Stephan, 87 by the use of an antimony electrode, 
found that the pH of carious areas would decrease to 4.5 in as short a 
time as two minutes, after the application of a ten per cent glucose 
solution, thus, for the first time indicating that there is a rapid conver¬ 
sion of sugars to acids. Fosdick, Campaigne, and Fancher 38 demon¬ 
strated the same effect by using a glass electrode and found that in many 
cases the application of sugar would cause an increase in hydrogen-ion 
concentration to pH 4 in as short a time as three minutes. In most 
cases, however, the drop in pH was less and the maximum acidity was 
twenty minutes after sugar was eaten (Figure 2). 

Fancher and Fosdick 39 demonstrated that concurrently with a decrease 
in hydrogen-ion concentration there was an increase in lactate which 
varied from fifty to two hundred per cent. Furthermore, it was demon¬ 
strated that the high acid potential may remain for a period of from 
thirty to ninety minutes after the application of a fermentable carbo¬ 
hydrate. From this work it would seem that local increases in acidity 
can and do exist and that ordinary factors in the mouth will cause 
a neutralization of this acid within a very short time. The maximum 
acid potential is on the average reached in eighteen to twenty minutes, 
after which there is a gradual neutralization to a slightly lower pH value 
than that of the saliva. 

Production of Acid from Sugar 

Although it was not until 1940 that the production of acid from 
sugars was actually demonstrated in the oral cavity, much information 
concerning the mechanism of acid formation was available as early as 
1935. At that time it was evident that the mechanism whereby sugars 
are converted to acids is a universal phenomenon and occurs not only 
under the influence of muscle and plant enzymes, but also under the 
influence of microbial enzymes. The sequence of the discoveries leading 
to our present-day concept of the phenomenon is extremely interesting 
and has largely been developed in the last fifty years. 
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Early Discoveries on Fermentation of Sugars. Fermentation of sugars 
is as old as recorded history, and no date can be assigned to the first 
observations of this phenomenon. Among the first to observe that the 
process of fermentation may be due to or associated with living organ¬ 
isms were Cagniard, Schwann, and Kiitzing. 40 " 42 These men based their 
observations purely on microscopic evidence, which in their day was not 
considered the highest type of evidence. The idea that fermentation was 
part of a living process was ill-received by scientists, and Berzelius, the 
leading chemist of the day, reviewed the articles with scorn. He con¬ 
sidered that the. process of fermentation was purely catalytic, the yeast 
organism being the catalyst, just as aluminum oxide, which had been 
demonstrated as possessing catalytic activity in some respects. 43 Wohler 
and Liebig 44 severely criticized the authors, and even prepared an 
elaborate skit ridiculing Cagniard, Schwann, and Kiitzing. They de¬ 
scribed the yeast organism as little eggs that hatched into small animals 
in the shape of distilling apparatus. These animals were fed sugar in the 
retort end of the apparatus; alcohol and carbon dioxide were distilled. 

The bitter controversies concerning the mechanism of fermentation 
lasted for several years until Pasteur 45 definitely proved the association 
of fermentation with the living yeast particles. The experiments of 
Pasteur were so convincing that even Liebig and Wohler were forced to 
withdraw from the controversy. 

Although Pasteur’s concepts of the association of fermentation with 
life were accepted at the time, the chemists were still curious about the 
method whereby yeast caused the reactions. Traube 46 proposed that 
fermentation was due to substances similar to pepsin or enzymes liber¬ 
ated by the living organism. When Berthelot 47 isolated invertase from 
yeast, the theory of Traube gained limited acceptance. Berthelot, a 
famous French chemist, at the risk of gaining the displeasure of Pasteur, 
definitely expressed the opinion that insoluble ferments were present 
in the tissue of the yeast organism, and that the organism served 
primarily as an enzyme factory. He suggested that the only function of 
the yeast was to form enzymes which would, in turn, cause the chemical 
reactions to proceed. Berthelot, however, had no good experimental 
evidence to substantiate the theory, and Pasteur’s contentions remained 
unchallenged until 1897. At this time Buchner, 48 a Dutch chemist, pro¬ 
vided indisputable evidence that Berthelot’s theory was correct. He 
extracted the enzymes from the yeast organism which, in the presence of 
phosphates, would cause fermentation of sugar with the formation of 
alcohol and carbon dioxide—entirely in the absence of living organisms. 
With the evidence provided by Buchner, it was obvious that both sides 
of the controversy were partly correct. Fermentation was associated with 
the living process of the yeast organism, but only insofar as it manufac- 
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tured the catalysts or enzymes necessary for the chemical reactions to 
take place. 

With the information and experimental methods made available by 
Buchner’s experiments, fermentation reactions were thoroughly studied 
and in the next three decades a rather complete picture of the reactions 
that occurred during the fermentation of sugar to alcohol and carbon 
dioxide was ascertained. During the early years of the investigations the 
yeast organism was used as the source of enzymes and coenzymes. Con¬ 
currently with the investigation of the enzyme systems of yeast, there 
was much interest in the biochemistry of muscle, muscle metabolism and 
muscle contraction. In the latter classical researches it was found that 
the same intermediate products were formed by the breakdown of glyco¬ 
gen during muscle contraction and by the metabolic utilization of sugar 
in the process of metabolism. Consequently, the investigators of fer¬ 
mentation and of muscle metabolism joined forces; the resulting 
progress was fruitful and rapid. It is not within the scope of this paper 
to discuss in detail the chemical research leading to the formulation of 
the exact chemical reactions that take place during fermentation. Suffice 
it to say that the researches of Harden, Young, Robinson, Embden, 
Meyerhof, Neuberg, Lohmann, Nielson, Euler, Werkman and Virtanen 
played important roles in solving the problem. 49 ” 80 

Present-Day Views on Chemistry of Carbohydrate Metabolism. Carbo¬ 
hydrate metabolism in both plants and animals follows the same general 
pattern, indicating that the successive steps are mediated by similar 
enzymic catalysts, at least up to the final stages. Thus, when acidogenic 
bacteria act on sugar, the initial reaction stages resemble those found in 
the metabolism of carbohydrates by animal tissue; but in the final stages 
specific enzymes may determine the emergence of the end product, e.g., 
alcohol, acetic, propionic, butyric, lactic acid, etc. During the germina¬ 
tion of seeds, carbohydrates are utilized for the production of energy 
by the same reactions. Present-day views of the mechanism are given 
in the following paragraphs. 

(1) Phosphorylation of Glucose . The first reaction in the phosphoryla¬ 
tion of glucose is the formation of glucose-6-phosphate under the influ¬ 
ence of the enzyme, hexokinase: 

hexokinase and ATP 

Glucose ^ Glucose-6-phosphate 

myokinase, hexokinase, 
and ADP 

The phosphate is derived from adenyltriphosphate (ATP). This com¬ 
pound is a high-energy phosphonucleotide and has been isolated from 
yeast and various types of muscle tissue. 81 ” 84 The enzyme, hexokinase, is 
a protein and occurs abundantly in yeast;. it has been demonstrated in 
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other microorganisms. This enzyme catalyzes the reaction between ATP 
and glucose, with the formation of glucose-6-phosphate. 85 

In muscle tissue the reaction is stimulated to a considerable degree by 
myokinase, which causes the utilization of phosphate from the lower- 
energy-level compound, adenyldiphosphate, a phosphonucleotide found 
abundantly in muscle tissue. This nucleotide is usually designated as 
ADP. Myokinase, 85 a protein, is a rather stable enzyme. It is more stable 
at higher temperatures than is hexokinase, and is also stable toward 
acids. It is deactivated with hydrogen peroxide but may be reactivated 
with cystine or glutathione. The mechanism of myokinase action has 
been investigated by Kalckar, who found that this enzyme converts 
ADP into ATP. For this reason the reaction in the final analysis is 
essentially the same. Myokinase has never been demonstrated in micro¬ 
organisms. 

(2) Formation of the Neuherg Ester — Fruciose-6-Phosphate. After the 
glucose-6-phosphate is formed, it is immediately acted upon by the 
enzyme system, consisting of phosphohexose isomerase and a metal, 
magnesium. This enzyme, a protein, is present in yeast, muscle tissue 
and a number of acidogenic bacteria. The enzyme, in the presence of 
magnesium ions, hastens the equilibrium between glucose-6-phosphate 
and fructose-6-phosphate. 

phosphohexose isomerase 

Glucose-6-phosphate ^ ^ Fructose-6-phosphate 

(Robinson ester) (Neuberg ester) 

[Embden ester = 70%Robinson ester + 30% Neuberg ester] 

During the early years of investigation there was considerable con¬ 
fusion concerning this reaction. Embden isolated what he thought was a 
sugar phosphate from the reaction mixtures in which he had used tissue 
enzymes. Later evidence secured by Neuberg indicated that the substance 
isolated by Embden was in reality two sugar phosphates, glucose-6-phos- 
phate and fructose-6-phosphate. The equilibrium has been thoroughly 
studied and found to consist of 70 per cent glucose-6-phosphate and 30 
per cent fructose-6-phosphate. 

(3) Formation of Fructose-1,6-Diphosphate (Harden Young Ester). 
Although the equilibrium between glucose-6-phosphate and fructose-6- 
phosphate is 70 per cent in favor of the synthesis of glucose, the reaction 
proceeds to the formation of lactic acid. As fast as the fructose-6-phos- 
phate is formed, another enzyme, phosphohexokinase, causes the reac¬ 
tion to proceed to fructose-1,6-diphosphate. 

phosphohexokinase 

Fructose-6-phosphate ^ ^ Fructose-1,6-diphospkate + ADP 

(Neuberg ester) ATP (Harden-Young ester) 
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The enzyme has been isolated from yeast and from muscle tissue and 
has been shown to exist in a large number of sugar-consuming micro¬ 
organisms. The enzyme is a water-soluble protein. Here again ATP acts 
as a phosphate donor. The reaction yields the hexosediphosphate and 

ADP.87-88 

(4) Dismutation of Fructose-1,6-Diphosphate. At this point in the 
series of reactions a dismutation of the hexose phosphate takes place to 
form two portions, each consisting of a molecule containing three car¬ 
bons. This reaction was one of the later problems solved, primarily 
because the two portions formed by the dismutation are in equilibrium. 


zymohexase 

Fructose-1,6-diphosphate ^ 
(Harden-Young ester) 


In the above, the reaction takes place under the influence of zymo¬ 
hexase. This enzyme has been isolated from muscle tissue and yeast. 89 ’ 90 
It is a protein that is very easily inactivated by metal-binding sub¬ 
stances such as the various pyrophosphates, cystine and glutathione. 
It occurs in very high concentration in rat muscle, 1460 gamma per 
gram. 

The equilibrium mixture of triosephosphates formed in this reaction 
has been intensively studied. The enzyme, phosphotriose isomerase, is a 
protein very abundant in muscle tissue and yeast. It establishes an 
equilibrium in favor of the dihydroxyacetone phosphate, which is a 
nonreactive compound, so that, the reaction proceeds through the gly¬ 
ceric aldehyde phosphate. The enzyme requires Mg for its activation. 

(5) Formation of 1,3-Dip hosp ho glyceric Aldehyde. The next step in 
the production of lactic acid is the nonenzymic formation of 1,3-diphos- 
phoglyceric aldehyde. This reaction has not as yet been definitely 
proven. The compound has not been isolated except in the form of the 
dimer and its existence is postulated only on the basis of certain physi¬ 
cal characteristics of the reaction mixture. 


H—C=0 

H—G—OH Glyceric aldehyde 

I phosphate 

—G—C- 


H- 


-opo 3 h 2 


H 

T 


phosphotriose isomerase 

X 

H 

H—C—OH 

c==o 

H—G—OPOjH 2 


Dihydroxyacetone 

phosphate 


i 
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OH 

H—G—OPO3H2 


I—(j—OI 


H—G—O PO3H2 

k 

Phosphoglyceric 

aldehyde 


nonenzymic H—C—OH 
* H——o 


po 4 - 


POaH, 


7 \3-Diphosphoglyceric 
aldehyde 


Whether or not the reaction proceeds in exactly this manner is im¬ 
material, as the subsequent reaction has been definitely established and 
theoretically is of much importance in the caries problem. 

(6) Formation of 1 J-Diphospho glyceric Acid . So far, in the degrada¬ 
tion of glucose to alcohol and/or lactic acid very little energy change 
has taken place. In the next step, a high-energy phosphate bond is pro¬ 
duced, of sufficiently high energy content to rejuvenate the ATP that 
has expended energy for the reaction. 


oxidase 

7 ,3-Diphosphoglyceric+Diphosphopyridine ^ > 7,3-Dipkosphoglyceric+Diphosphopyridine 

aldehyde nucleotide protein aaW nucleotide 

(reduced) 

In the above reaction the phosphorylated aldehyde is oxidized by 
means of diphosphopyridine nucleotide to form the corresponding acid, 
thus producing a high-energy phosphate bond. Niacin, a member of the 
vitamin B complex, is the prosthetic group responsible for this reaction. 
In order for lactic acid to form by means of bacterial fermentation, it is 
essential that niacin be present; otherwise the series of reactions would 
cease at the aldehyde stage. The function of niacin in a number of oxi¬ 
dation reactions of the body has been established. The system of oxida¬ 
tion is delicately balanced. Coenzyme I, or the diphosphopyridine 
nucleotide, is rejuvenated by means of a system involving riboflavin 
(alloxazine mono-nucleotide and alloxazine adenine dinucleotide). The 
riboflavin-containing compounds, in turn, pass on the hydrogen to vari¬ 
ous cytochrome compounds, and finally to atmospheric oxygen to form 
water. It is interesting to note, at this time, that individuals suffering 
with pellagra, caused by a lack of niacin, do not ordinarily have dental 
caries. 

(7) The Formation of 3-Phosphoglyceric Acid . The next step in the 
reaction is nonenzymic. The high-energy compound formed by the oxi¬ 
dation of the aldehyde by means of the niacin-bearing compound is ex¬ 
tremely unstable. Thus, when it comes in contact with a phosphate 
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acceptor, the acceptor is immediately phosphorylated. In this manner 

the high-energy phosphate bond is 

rejuvenated. 

O 

O 

|| 

c— op'o 3 h 2 

|| 

C— OH 

H — C — OH 

H—C—OH 

ADP 

I + ATP 

H — G — OPO3H2 4- ^ 

1 ^ 

^ H — G — OPO3H2 

1 

H 

H 

1 ^-Diphosphoglyceric 
acid 

3-Phosphoglyceric 

acid 


As a result of this reaction the adenyltriphosphate is free to cause the 
phosphorylation of more glucose under the influence of hexokinase or 
the synthesis of fructose-1,6-diphosphate from fructose-6-phosphate. 

(8) Formation of 2-Phosphoglyceric Acid . After the high-energy 
diphosphoglyceric acid has been hydrolyzed, the phosphate in the 3 posi¬ 
tion migrates to the number 2 carbon. 


O 

III 

C—OH 

I 

H—G—OH 
H— k —OPOjHi 

4 


tnose mutase 
-> 


Mg+ 


O 


C—OH 



po 3 h 2 

H 


3-Phosphoglyceric acid 2-Phosphoglyceric acid 

This reaction is carried out under the influence of triose mutase, a 
protein that is formed in muscle tissue and has been isolated from 
yeast. It has been established that this enzyme requires a metal ion, 
Mg ++ , and perhaps some other metal ion for its activity. 

(9) Formation of Phosphopyruvic Acid . The next step in the reaction 
involves a loss of water, with the formation of an unsaturated acid 
ester. 


C—OH 
H— 


H—OPO3H2 enolasc 

I 

H—G—OH 


H 


2-Phosphoglyceric acid 


G—OH 

OPOjH, + HtO 

i-H 

Phosphopyruvic acid 
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The enzyme system has been isolated in crystal form from yeast and 
muscle tissue. Magnesium has been found to be an integral part of the 
enzyme molecule. Among all of the reactions concerned with the 
formation of lactic acid, this system is the most sensitive to the fluoride 
ion. Fluorides in very small concentration will inactivate the enzyme. 
It is thought that the mechanism of the fluoride inhibition is the forma¬ 
tion of a magnesium-fluoro-phosphate complex with the enzyme protein. 

(10) Formation of Pyruvic Acid. At this stage in the series of reactions 
for the formation of lactic acid, the phosphate radical leaves the system. 
Under the influence of the enzyme, phosphopyruvate phosphatase, and a 
protein-ADP-Mg complex, the phosphate radical is transferred to ADP 
to form enol pyruvic acid and ATP. Thus, another molecule of ADP 
can be converted to ATP by means of the high-energy phosphate bond 
formed as a result of the dehydration of 2-phosphoglyceric acid. And 
this ATP will serve to phosphorylate more glucose or fructose-6- 
phosphate. 



Probably the key compound, in the degradation of sugar in all bio¬ 
logical systems is pyruvic acid. However, at this point carbohydrate 
metabolism in bacteria differs from that in higher animals. Disregard¬ 
ing exceptions for some bacterial and animal forms, one might say that, 
in general, bacteria convert the pyruvic acid to other similar acids such 
as lactic, butyric, propionic acids, or to alcohols, such as ethyl, propyl 
or butyl alcohols; in animals, the general reactions for subsequent prod¬ 
ucts of carbohydrate metabolism involve the aerobic conversion of pyru¬ 
vic acid to carbon dioxide and water. The latter reactions involve the 
so-called tricarboxylic acid cycle and require oxygen, ultimately derived 
from hemoglobin, for completion. However, lactic acid does form in 
animal tissue, particularly if the muscular activity is great, and in con¬ 
siderable quantities because the anaerobic phase of carbohydrate metab¬ 
olism is more rapid than the aerobic phase. Insofar as dental caries 
is influenced by the aerobic phase of carbohydrate metabolism, this 
stage will not be considered. Suffice it to say that by far the greater 
part of the energy of metabolism is derived from this phase, and thus 
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animal metabolism is, in general, far more efficient than microbial 
metabolism. 

(11) The Formation of Lactic Acid, Alcohol and Other Products of 
Bacterial Metabolism. The acidogenic bacteria and yeasts that have 
been so far studied contain all the enzymes necessary to convert glucose 
to pyruvic acid. Many of the organisms also have a full complement of 
coenzymes and accessory materials, while others lack such fundamental 
substances as members of the vitamin B complex, and hence with these 
bacteria the missing factors must be supplied in the media. 

After the reactions have proceeded to pyruvic acid, the different 
enzyme systems of different microorganisms become effective. Thus, yeast 
will ordinarily convert pyruvic acid to alcohol, while B.acidophilus 
will convert it to lactic acid. Similarly, the propionic acid bacteria 76 
and the butyric acid bacteria 92 will convert the pyruvic acid to propionic 
and butyric acids, respectively. A few of these reactions have been 
adequately investigated, but most of the systems have been sadly 
neglected. 

The formation of ethyl alcohol under the influence of yeast enzymes 
is as follows: 


G—OH H—C=0 i 

| carboxylase I reductase H—G—OH + PDN 

C=0 ~ > H—G—H . -> | 

! decarboxylase I coenzyme I H G H 

H—G—H H or j 

H diphosphopyridine H 

Acetaldehyde nucleotide 

Pyruvic acid + (reduced) Ethyl alcohol 

t 

C0 2 (gas) 

It should be noted that the above reactions are reversible; however, 
under the normal conditions this is not observed. The carbon dioxide 


is a gas and hence escapes from the solution, causing the reaction to 
proceed to the right. In this connection it is of interest to note that 
another member of the vitamin B complex is active in promoting this 
metabolic process. Cocarboxylase has been identified as thiamin phos¬ 
phate, the diphosphoric ester of vitamin B x . This enzyme is also 
necessary in the initial phases of the aerobic phase of carbohydrate 
metabolism in muscle tissue, and hence if the vitamin is absent, an 
accumulation pyruvic acid and lactic acid is present in the muscle and 
nerves of individuals suffering from vitamin B x deficiency. 

The yeast organism possesses the proper enzymes for the production 
of lactic acid. Under ordinary conditions this system is either not 
operative or the carboxylase and cocarboxylase are sufficiently potent to 
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decarboxylate the pyruvic acid before much lactic acid is produced. In 
any event, if the carboxylase—cocarboxylase system is made inoperative, 
or decarboxylation is prevented by chemical means, large quantities of 
lactic acid can be prepared purely by yeast enzymes. 

In muscle tissue, and under the influence of Lactobacillus acidophilus, 
very little alcohol or acetaldehyde is formed. This reaction has been 
studied quite extensively and is as follows: 


O 

II 

G—OH 



H—G—H 

I 

H 


diphosphopyridine 

nucleotide 

(reduced) 

- > 

<S- 

protein oxidase 


G—OH 

H—G—OH + Diphosphopyridine 
H—C—H 


H 


Pyruvic acid 


Lactic acid 


The coenzyme necessary for this reaction is the same as that required 
to promote the reduction of acetaldehyde under the influence of the 
yeast enzymes. The oxidase, however, is specific. 

Other reactions have been partially studied; the evidence indicates 
that propionic acid is produced by the reduction of lactic acid. Butyric 
acid is formed by an aldol condensation of acetaldehyde followed by an 
intramolecular oxidation-reduction. 

Acid Production in the Mouth. The above series of reactions direct¬ 
ing normal carbohydrate metabolism in muscle, nerve tissue, micro¬ 
organisms, and even in germinating seeds is ordinarily called the anaero¬ 
bic phase of carbohydrate metabolism. Under optimum conditions the 
reactions are extremely rapid. In fact, these reactions were until recently 
described as the “explosive conversion of glycogen to lactic acid” which 
occurs during muscle contraction. In normal muscle tissue the produc¬ 
tion of lactic acid is extremely rapid. 

Before it was recognized that the above scheme of reactions was opera¬ 
tive in the production of acids in the mouth, there was an abundance of 
evidence that should have suggested this. In 1937 it was shown that an 
important difference between saliva from caries-active and caries- 
immune individuals is the speed with which sugars are converted into 
acids. 33 

In 1936 the theoretical aspects of the situation were reviewed 93 but 
it was not until 1938 94 that actual proof of the matter was at hand. 
At this time, by the use of available experimental methods, the inter¬ 
mediate compounds formed in the series of reactions were isolated from 
uninoculated freshly collected mixed saliva when it was allowed to act 
on sugar. When Stephan 37 first demonstrated the speed with which 
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Table 6. Variation in Acid Production by Fermenting Sugar-Saliva Mixtures 


Reaction Allowed to Proceed to Completion 


Patient 

Calcium in Saliva (mg/100 cc) 

Before After 

Before 

PH 

After 

Immune: 






1 

11.5 

103.7 

6.4 


4.6 

2 

8.7 

47.8 

6.6 


5.4 

3 

8.6 

61.5 

6.8 


5.2 

4 

8.5 

53.6 

6.8 


5.2 

5 

8.5 

42.7 

7.0 


5.2 

6 

10.1 

35.0 

7.2 


5.4 

Susceptible: 






1 

8.9 

96.7 

7.0 


4.6 

2 

8.2 

46.5 

6.8 


5.2 

3 

6.5 

70.5 

6.4 


4.4 

4 

9.3 

25.3 

6.8 


5.2 

5 

6.1 

38.7 

6.8 


5.4 

6 

7.9 

52.5 

7.0 


5.4 

7 

9.0 

48.8 

7.0 


5.4 

8 

6.7 

65.0 

6.4 


4.6 

9 

10.0 

88.8 

7.2 


4.8 

10 

9.3 

49.5 

6.6 


5.0 

Reaction Restricted to Four Hours 


Calcium in Saliva (mg/100 cc) 


PH 


Patient 

Before 

After 

Before 


After 

Immune: 






1 

8.8 

. 8.8 

7.4 


7.4 

2 

7.7 

4.5 

7.4 


7.4 

3 

7.6 

4.5 

7.4 


7.2 

4 

8.4 

12.5 

6.8 


6.6 

5 

6.8 

6.8 

7.0 


6.8 

6 

5.8 

7.7 

7.2 


7.2 

Susceptible: 






1 

7.8 

18.5 

7.0 


6.6 

2 

7.7 

19.6 

6.8 


6.6 

3 

6.5 

14.6 

6.2 


6.0 

4 

7.4 

16.5 

7.2 


6.6 

5 

8.7 

14.9 

6.8 


6.6 

6 

6.6 

24.6 

6.8 


6.6 

7 

6.4 

19.2 

6.8 


7.0 

8 

6.2 

20.5 

7.4 


6.6 

9 

6.2 

14.5 

7.4 


6.8 

10 

6.8 

17.5 

7.4 


6.8 


acids were formed, there was a sound theoretical basis for the fact. It 
was then realized that the reaction in the mouth for the production of 
acid from fermentable sugars was in reality slow in comparison to what 
it might be under the influence of an optimum enzyme system. We are 
indeed fortunate that the enzyme system in the mouth, even in cases 
of rampant caries, is in reality a sub-optimal system. One of the prime 
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variables in caries activity is the efficiency of the enzyme system. In 
caries-active mouths the system is more optimum for acid production 
and in immune mouths it is extremely poor. It should be emphasized, 
however, that even in the most immune mouths the system is present 
and is capable of producing acids, even though the acids cannot be 
produced rapidly (Table 6). 33 From the information available, it is 
clear that the carious process consists of short periods of acid formation 
accompanied by short intervals of decalcification. Each time a ferment¬ 
able sugar is allowed to remain in the mouth, acids are formed, and 
hence a separate “attack” of dental caries may occur at each ingestion 
of sugar. 


Specific Organisms of Dental Caries 

At the turn of the century, primarily as the result of Pasteur's influ¬ 
ence, specific organisms were being found for many specified diseases, 
and since dental caries was considered at least partially a bacterial dis¬ 
ease, it was only natural that a search would be made for the type of 
bacteria which would cause dental caries. In 1900 Goadby 95 isolated the 
Gram-positive bacillus from carious dentine, and he considered that this 
organism, along with Streptococcus brevis may be responsible for the 
carious lesion. In 1915 Gies 96 * 97 introduced a series of papers discussing 
the Miller theory of dental caries, showing that scrapings from the 
teeth quite frequently contain various forms of streptococci, and non- 
sporing bacilli capable of producing large amounts of acids were 
isolated. These were described as aciduric bacilli, the same as B. aci¬ 
dophilus , which had previously been described by Moro. 98 Fifty-eight 
strains of B. acidophilus were isolated, one of which was a very potent 
acid-producer. In addition to the Bacillus acidophilus, Gies and his co¬ 
workers studied many other forms of bacteria which were frequently 
found in carious lesions. In 1922 Rodriguez 99 described the Lactobacillus 
odonoliticus, which he had isolated from deep layers of carious dentine, 
and found them capable of producing pH values ranging from 2.9 to 3.9. 
He indicated the belief that the Lactobacillus odonoliticus is responsible 
for dental caries. McIntosh and collaborators 100 “ 102 isolated similar bac¬ 
teria and found essentially the same results as Rodriguez. They recog¬ 
nized that the Bacillus odonoliticus may be of several types. In 1925 
Bunting 103104 started a series of investigations in which he found that 
the Bacillus acidophilus, which was probably the same as the Bacillus 
acidophilus odonoliticus of the former investigator, was responsible for 
dental caries. By the use of a highly specific culture media he found that 
the Bacillus acidophilus was the most predominant organism associated 
with dental caries. It was his early opinion that this organism was re- 
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sponsible for dental caries, 105 ’ 106 but in the light of recent work it has 
become obvious that other organisms may be concerned with the cari¬ 
ous process. Nevertheless, the work of Bunting, Jay, Crowley and Had- 
ley 107 ’ 10S has shown without a doubt that Bacillus acidophilus is the most 
predominant organism associated with dental caries when cultured on 
a modified Culps tomato-agar medium. There have been other investiga¬ 
tions which seem to indicate that other types of aciduric organisms 
may show the same relationship if a selective media could be found for 
its growth. 

Since the monumental work of the Michigan group, there have been 
scores of workers who have more or less corroborated these findings 
and have shown that although the Bacillus acidophilus count is not a 
100 per cent accurate criterion of caries activity, the correlation be¬ 
tween caries activity and the acidophilus count is as accurate as any 
biological test would be expected to be. Enright, Friesell, and Trescher 14 
examined fifty subjects for lactobacilli and found that of fifteen caries- 
active cases, nine were consistently positive with respect to Bacillus 
acidophilus . Johnston, Williams, et al., 109 studied the bacterial flora of 
thirty-nine children and found that when the caries activity was very 
progressive. Bacillus acidophilus organisms were continuously present, 
and of twenty-seven individuals in which caries was not progressing, 
these microorganisms were continuously absent in eighteen cases, and 
only sporadically present in eight, and in only one case of the twenty- 
seven immunes was the acidophilus continuously present. Rosebury and 
Waugh 110 studied sixty-nine caries-free Eskimos and found that 85 per 
cent of these individuals had no Lactobacillus acidophilus in the saliva. 
In examining another group of Eskimos, they found that positive cul¬ 
tures were obtained from 80 per cent of the caries-active cases, while 
they were present in only 13 per cent of those individuals who were 
caries-free, Snyder 111 also found that in only eleven of 159 caries-free 
children were Lactobacillus acidophilus organisms present. 

Becks, Wainwright, and Young 112 found that 77 per cent of caries-free 
individuals had zero counts of acidophilus, while three of sixty-two 
caries-free individuals had acidophilus counts as high as 10,000 per cc. Of 
sixty-six individuals who had active caries, only four held zero counts 
and two had very low counts; the rest had counts ranging up to 300,000 
bacteria. Collins, Jensen, and Becks, 113 using 366 University of California 
students, found that of ninety-nine caries-free individuals, 81 per cent 
had zero acidophilus counts, while in rampant caries, 88 per cent had 
high acidophilus counts and only 12 per cent had zero acidophilus 
counts. 

In view of the large mass of evidence, it is now generally recognized 
that the acidophilus count, whether or not it has any relation to the 
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mechanism of dental caries, is an excellent bacteriological test for caries 
activity, and in all probability those non-medicative procedures that pro¬ 
duce a lowering of the acidophilus count will also cause a reduction in 
caries activity. 

There is considerable evidence that other bacteria may play an impor¬ 
tant role in dental caries. In 1915 Niedergesass 144 found that acid-form¬ 
ing cocci were always present in deep caries and that they were ex¬ 
tremely high acid formers. He regarded these organisms as one of the 
main causes of dental caries. Hartzell and Henrici, 115 after a compre¬ 
hensive review of the literature, and on the basis of their own experi¬ 
mental work, said that streptococci are the microbic agents causing 
dental caries. These organisms are consistently found in the deeper 
layers of the carious lesion. 

Tucker 116 plated scrapings of the surfaces of the teeth of 422 children 
into an acid broth, pH 5, and found that streptococci of various types 
were isolated most frequently. He also found that Lactobacillus and 
Streptococcus albus developed in this acid media. He concluded, how¬ 
ever, that the acid streptococci were found more frequently in immune 
cases than Lactobacillus acidophilus . Anderson 117 found lactobacilli in 
twelve of sixty-five cases with varying degrees of caries activity, but 
found acid streptococci in fifty-five of these cases. He concluded that 
the acid streptococci were more frequently found in caries-active cases 
than lactobacilli. 

Bibby and Hine 118 examined smears made from carious lesions of 
forty-four individuals and found considerable variation in the bacterial 
flora. They came to the conclusion that the relation of lactobacillus to 
carious activity was not as significant as suggested by Bunting. In 1946 
Permar, Kitchen and Robinson 119 made a very comprehensive study of 
the fluctuations of the acidophilus counts in the different samples of 
saliva from the same individuals. They concluded that although trends 
in relation to dental caries were apparent, any conclusions as to daily 
fluctuations were unjustified. 

Thus, we can see that many organisms have been correlated with the 
carious process, and even though Lactobacillus acidophilus may not be 
the predominant organism in a carious lesion, the consensus of opinion 
is that the salivary counts of Bacillus acidophilus are rather accurate 
criteria of caries activity. In all probability, all of the organisms play a 
very important role in the carious process. In view of the complicated 
mechanism of acid-formation in the mouth and the many bacteria that 
are involved, it is no wonder that so much confusion exists concerning 
a specific organism for dental caries. 

Enzyme Systems in Metabolism. When one considers the problems of 
metabolism in general, whereby carbohydrates, fats, and proteins are 
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converted to energy and the various end products, and when one realizes 
the tremendous number of enzyme systems and accessory activators and 
conditions necessary, the similarities in living organisms are surprising. 
It is realized that most forms of life require most of the above con¬ 
stituents for the life process, but they preferentially utilize carbohydrates 
for the production of energy. Thus man, the highest animals, and most 
common bacteria prefer to utilize sugars and other carbohydrates for the 
purpose of supplying energy. Fortunately, in man and animals carbo¬ 
hydrates can be metabolized so that most of the energy can be extracted. 
On the other hand, although most microorganisms prefer carbohydrates 
for their energy requirements, they cannot burn them entirely to carbon 
dioxide and water, and hence the enzyme systems in the microorganisms 
are fewer and simpler than in man. 

Just as man needs many food accessories which he cannot manufac¬ 
ture within himself, so bacteria and lower forms of life require certain 
food accessories. Thus in the metabolism of carbohydrates by either man 
or bacteria, the enzymes previously mentioned during the discussion on 
the mechanism of acid formation must be present for the production of 
acids from carbohydrates. To present a simple example, man requires 
niacin, riboflavin and a number of other vitamins for the enzyme sys¬ 
tems responsible for normal metabolic processes. Bacteria also require 
these same food accessories. Man cannot synthesize a sufficient quantity 
of these, so he must include them in his diet. Many bacteria have the 
ability to synthesize niacin, riboflavin, thiamin, and other necessary sub¬ 
stances. Although the yeast organism needs niacin, riboflavin and 
thiamin for its normal metabolic processes, it can synthesize these sub¬ 
stances and hence it is not necessary to furnish them in yeast media. 
Thus, the chemical individuals in the human “vitamin B complex” are 
not vitamins to the yeast organisms. Many organisms, particularly the 
Lactobacillus acidophilus of various strains, cannot synthesize the vita¬ 
min B complex, but must be supplied with these substances, and bio¬ 
logical assays for members of the vitamin B complex are based upon this 
fact. Therefore, we would expect the various breeds and strains of bac¬ 
teria to differ in their food and environmental requirements, just as 
animals vary in their food and environmental requirements. Just as 
vitamin C is a vitamin to humans and not to rats, vitamin B is a 
vitamin to B. acidophilus and not to yeast. In man the rate of metab¬ 
olism is dependent upon a very delicately balanced system of substrate, 
enzyme systems, vitamins and hormones; so in microorganisms, the rate 
of metabolism is dependent upon these factors, though probably on a 
less elaborate scale. 

Considering these complexities of living cells, it is no wonder that 
we have not been able to point out the specific bacteria responsible for 
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dental caries, if we deal with morphological characteristics of the bac¬ 
teria. However, if we are interested in one particular phase of metab¬ 
olism, carbohydrate metabolism to lactic acid, it is obvious that the 
bacteria having the optimum enzyme system available for the production 
of acid will be the ones primarily responsible for dental caries. Insofar 
as the speed of acid production is the prime factor involved, the bac¬ 
teria having the optimum enzyme system and capable of growing under 
mouth conditions would be responsible for caries. 

The amount and speed of acid formation by means of various bac¬ 
teria have been determined many times. In general, the rate of acid 
production by any strain of acidogenic bacteria depends on the condi¬ 
tions under which they are grown. By a careful selection of a culture 
medium that will furnish all of the food essentials for the particular 
bacterium (provide all of the enzyme systems in which it is deficient), 
the maximum speed of acid production by that particular strain of 
bacteria can be measured. Data from these experiments yield little use¬ 
ful information, as the saliva and other conditions in the mouth may 
not be ideal. Furthermore, we never find pure-strain organisms in the 
mouth. Many kinds and varieties live in symbiotic relationship in all 
mouths. Furthermore, it is quite possible that since several separate 
reactions are involved in acid production, some organisms may catalyze 
certain of these reactions rapidly, without having optimum enzyme 
systems for the others. Since all reactions are necessary, the rate of acid 
production would then depend entirely on the speed of the slowest 
reaction. 

It was therefore thought that if the enzyme system of each of the 
common mouth organisms were studied, the offending organism or 
combination of organisms could be determined. To date the systems 
of yeast (mouth), 120 Lactobacillus acidophilus, 121 Sarcina lutea 122 Aero - 
bactor aerogenes 123 Staphylococcus albus , 124 and Candida albicans 125 
have been studied. Other organisms have been partially studied, but as 
yet the information is incomplete. 

For this work the organisms were isolated from caries-active human 
mouths in pure strain. After the proper identification of the organisms, 
they were grown in large numbers, and were either weighed and used 
in the moist condition, or were dried and used on a dry basis. In some 
cases the enzymes extracted from a known weight of organisms were 
used without the cells. The usual procedure was to take each step in the 
series of reactions for carbohydrate metabolism and permit a known 
weight of organisms or enzyme concentrate to act upon the substrate. 
The reaction was prevented from continuing past the step under exam¬ 
ination. At the proper time intervals the products of reaction were 
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determined, and hence the comparative speed of reaction of each step 
was noted for each organism. 

(1) Organisms in the Phosphorylation of Glucose. When glucose is 
phosphorylated, a mixture of glucose-6-phosphate, fructose-6-phosphate, 
and fructose-l,6-diphosphate is formed. If the amount of phosphate util¬ 
ized is known and the amount of mono- and diphosphates are deter¬ 
mined, the actual amounts of each sugar phosphate can be calculated. 
However, for the purpose at hand only the amounts of sugar phos¬ 
phorylated will be given. As can be seen from Table 7, the organism 
that causes the phosphorylation of glucose the most rapidly is yeast, 
while B. acidophilus and Staphylococcus albus were the least efficient 
in this respect. At the pH normally found in the mouth yeast, Sarcina 
lutea, Aerobactor aerogenes and Candida albicans can cause more reac¬ 
tion gram for gram in four hours, than Staphylococcus albus and 
Lactobacillus acidophilus can in twenty-four hours. This is extremely 


Table 7. Formation of Hexose Phosphates 
. (% Formation) 



Time (hrs.) 

at pH 5.4 

at pH 6.7 

at pH 8.6 

Staphylococcus albus 

24 

15 

11 

12 

Lactobacillus acidophilus 

24 

2 

17 

30 

Yeast 

4 

35 

90 

87 

Sarcina lutea 

4 

0 

25 

0 

Aerobacter aerogenes 

4 

14 

22 

15 

Candida albicans 

4 

45 

50 

58 


interesting, as it is known that Lactobacillus acidophilus is an extremely 
slow acid former and hence it may well be that the reason for this is that 
the first reaction is very slow. It is also interesting to note that at pH 
6.7, or the pH likely to be in the mouth, most of the organisms produce 
at a maximum. 

In all cases, with the exception of Lactobacillus acidophilus, most 
of the phosphorylated sugar was found to be fructose-l,6-diphosphate. 
This would indicate that the hexokinase system and the hexoseisomerase 
were very active in all cases except for this organism. In the case of 
Lactobacillus acidophilus, both reactions were extremely slow, but of 
that part which did not react there was considerable glucose-l-phosphate. 
This indicates that the organism is deficient in hexokinase. 

(2) Organisms in the Formation of Phosphoglyceric Acid. The next 
step in the reaction is the dismutation of the hexose diphosphate to the 
triose phosphates and subsequent oxidation to the phosphoglyceric acid. 
For the purpose of this paper the data on the formation of the triose 
phosphates will be omitted, as in the early work these compounds were 
not isolated, so that the quantitative data on all of the above organisms 
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is not available. In all cases the phosphoglyceric acid was isolated. The 
data are given in Table 8. Here again it is observed that Lactobacillus 


Table 8. Formation of Phosphoglyceric Acid 



at pH 5.4 

at pH 6.7 

at pH 8.6 

Staphylococcus albus 

2 

4 

4 

Lactobacillus acidophilus 

3 

4 

3 

Teast 

5 

15 

15 

Sarcina lutea 

5 

42 

1 

Aerobacter aerogenes 

8 

15 

12 

Candida albicans 

3.0 

4.0 

1.5 


acidophilus is rather deficient. Only three of the organisms tested have a 
potent enzyme system with these reactions. At the pH of the mouth 
Sarcina lutea was by far the most active, while yeast and Aerobactor 
aerogenes were quite as active. Here again the normal pH of the mouth 
was the most conducive to these reactions. It is interesting to note that 
with most organisms pH 8.6 was the next most favorable pH for the 
reactions. 

(3) Organisms in the Formation of Pyruvic Acid. The next step in the 
series of reactions is the dehydration and dephosphorylation of the 
phosphoglyceric acid. It is quite difficult to stop the reaction quantita¬ 
tively at this point, particularly if lactic acid is not found. Furthermore, 
in some cases, particularly in yeast, acetaldehyde is likely to form. The 


Table 9. Formation of Pyruvic Acid 



at pH 5.4 

at pH 6.7 

at pH 8.6 

Staphylococcus albus 

* 

* 

* 

Lactobacillus acidophilus 

5 

18 

30 

Teast 

40 

40 

60 

Sarcina lutea 

5 

43 

9 

Aerobacter aerogenes 

2 

3 

2 

Candida albicans 

17 

17 

17 


* Under the conditions of the experiment, the pyruvic acid was immediately converted to other compounds . 

results are shown in Table 9. Yeast, Sarcina lutea and Lactobacillus 
acidophilus were the most active in this reaction at the normal pH of 
the mouth. It should be noted that this reaction proceeds best at pH 
8.6, but that much activity is present at pH 6.7. Here we find that 
Lactobacillus acidophilus may carry out the reaction with considerable 
speed, so it is quite possible that if the other organisms would form the 
phosphoglyceric acid for the Lactobacillus acidophilus , it could proceed 
to form lactic acid very rapidly. 

A very interesting observation is that in no case was pyruvic acid 
isolated from reaction mixtures in which Staphylococcus albus or 
Staphyloccus albus enzyme concentrate was used. It was found that 
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as soon as the pyruvic acid was formed it polymerized to form a diketoal- 
dehyde and a diketo acid of considerable interest in fat metabolism. It 
would be theoretically possible to use Staphylococcus albus in the pre¬ 
vention of caries if it were in sufficient concentration to destroy the 
pyruvic acid as fast is it was formed or before the enzymes from the 
other organisms could convert it to lactic acid. In any event, the result¬ 
ing compounds would be a mixture resulting from the competitive 
action of all the pyruvic-acid-activating enzymes. 

(4) Organisms in the Formation of Lactic Acid. At this point in the 
sequence of events it is possible for the pyruvic acid to be decarboxylated 
to form acetaldehyde, and subsequently alcohol. It can be polymerized 
or it can be oxidized or reduced. In muscle tissue it will condense with 
oxaloacetic acid in preparation for complete oxidation to carbon diox¬ 
ide and water. It is interesting to note that in the case of Staphylococcus 
albus , yeast, and Candida albicans , at the pH that normally exists in 
the mouth, no lactic acid is formed. The results are given in Table 10. 


Table 10. Formation of Lactic Acid 



at pH 5.4 

at pH 6.7 

at pH 8.6 

Staphylococcus albus 

0 

0 

0 

Lactobacillus acidophilus 

3 

7 

4.7 

Yeast 

0-1* 

0-6.5 * 

0-5.9* 

Sarcina lutea 

1 

1 

1 

Aerobacter aerogenes 

0.2 

0.1 

0.2 

Candida albicans 

0 

0 

0 


* Under conditions not conducive to decarboxylation. 


As can be seen from the table, Lactobacillus acidophilus is the most 
active organism in the formation of lactic acid. In all of the other 
cases, with the exception of the mouth yeast, little or no lactic acid 
is formed. 

If the reaction mixture is so adjusted that recarboxylation is difficult, 
yeast readily forms lactic acid. This would be expected, as the system 
for reducing acetaldehyde to alcohol is quite similar to that in which 
pyruvic acid is reduced to lactic acid. 

Combined Enzyme Systems in the Mouth. Considering all of the 
reactions and microorganisms studied, it is clear that no one organism 
by itself would be a rapid acid-former. However if the enzymes elab¬ 
orated by one organism could be utilized by another growing in sym¬ 
biotic relationship, the combination of the proper organisms should 
result in a rapid production of acid. On the basis of the above, yeast 
and Lactobacillus acidophilus should be such a combination. The yeast 
could produce the phosphorylated compounds, and if the carboxylase- 
cocarboxylase system in the yeast was not sufficient to use up the 
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pyruvic acid before the enzymes of the Lactobacillus acidophilus could, 
then lactic acid could be produced at a much faster rate. This system 
has been studied along with a few others with theoretical results. It is 
probably not a coincidence that yeast and Lactobacillus acidophilus 
are found so frequently in caries-active saliva. It is hoped that when all 
of the mouth organisms have been studied from this point of view we 
can predict which are the most effective in producing dental caries. 


The Mechanism of the Carious Process 

On the basis of the above evidence, a theory was proposed 126 which 
offered a rational explanation for most of the anomalies that had previ¬ 
ously existed. It explained why successful methods of caries control 
were successful, and furnished suggestions concerning new methods of 
control which were subsequently found successful. 127 * 128 This theory 
has in general been accepted as the true mechanism of dental caries, 1 
and with few modifications in the light of recent research is as follows. 

Acids are formed in all mouths whether the individual is susceptible 
or immune to caries. There is a wide difference in the rate of acid 
formation in different mouths and in the same mouth or areas of the 
same mouth. Even with this wide variation, all teeth would eventually 
decalcify if the acids were not destroyed by the oral secretions. Thus, 
whether or not decalcification occurs depends upon whether or not the 
acids formed can be neutralized, dissipated, or otherwise destroyed be¬ 
fore sufficient time has elapsed for decalcification to start or continue. 
All mouths have a natural tendency to neutralize, dissipate, or other¬ 
wise destroy acids, but the tendency varies from mouth to mouth, and 
even in different areas of the same mouth. As a matter of fact, the 
tooth itself, the last barrier, is a powerful neutralizer, and hence any 
acid on the surface of a tooth is self limiting. 

Classification on the Basis of Caries Activity. Thus, it is obvious that 
the two main variables controlling caries activity are the rate of acid 
formation and the rate of acid neutralization. There are a multitude 
of factors that may either directly or indirectly regulate the two prime 
variables, but in the final analysis these two variables control the cari¬ 
ous process, and on the basis of these factors all cases may be classified, 
within reasonable limits, into one of four groups: 

(1) Individuals with rapid oral acid formation and rapid oral acid 
neutralization . 

On the basis of examination and analysis of the saliva, it would seem 
that most of the individuals in this country belong to this class. Indi¬ 
viduals who have an average occlusion, no oral anatomical defects, an 
average supply of saliva, a fair diet such as is prevalent in this country, 
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and a not excessive sugar intake, will belong to this class. Under these 
conditions perhaps one to three cavities will appear each year. The 
caries rate will, of course, vary somewhat, as the most inacessible areas 
of the mouth, such as pits and fissures, will decay before a period of 
semi-immunity to caries will result. 

(2) Individuals with rapid oral acid formation and slow oral acid 
neutralization . 

It is obvious that individuals of this type are those suffering from 
rampant caries. Only a small percentage of the population of this 
country falls into this category, but this group furnishes a large pro¬ 
portion of the difficult dental cases. Individuals in this group are usu¬ 
ally characterized by a relatively high sugar intake, poor occlusion, 
poor contacts, poor dental anatomical relations, usually a poor diet, 
or an acid-ash diet, and very frequently a subnormal supply of stimu¬ 
lated saliva. These cases are rather difficult to control because of the 
very rigorous limitations on the individual's habits. However, by a 
careful analysis of the variables, the causative factors can be found, and 
if the patient is cooperative, control of caries-activity can be achieved. 

(3) Slow oral acid formation and rapid oral acid neutralization . 

In this country about two to five per cent of the population belong 
to this class. These individuals are usually characterized by perfect oral 
anatomical relations, a rather copious supply of stimulated saliva, a 
well-balanced alkaline-ash diet, and in general a self-cleansing mouth. 
These individuals in general do not care for sugar, but occasionally 
those with an exceptional self-cleansing mouth may consume consider¬ 
able fermentable sugar without causing a high caries activity. Occasion¬ 
ally an individual of this type is found who practices no oral hygiene 
procedures, never has professional dental care, and never bothers about 
his diet, but still is caries-free. This type of individual very frequently 
will develop pyorrhea. 

(4) Slow oral acid formation and sloiv oral acid neutralization. 

So far as the author is aware, few, if any, of the individuals in this 
country belong to this class. From theoretical considerations the indi¬ 
vidual should be characterized by a diet containing no sugar or fer¬ 
mentable carbohydrate. Furthermore, the diet should normally be defi¬ 
cient in vitamins, calories, and many of the food accessories. Or if the 
individual is extremely deficient in niacin, the sugar intake would be 
immaterial. These individuals should be in about the same category 
as the class (1) individuals in respect to the caries activity, but would 
probably be somewhat less caries-active. They would have little or no 
protection against acid decalcification, but since no acid is formed, no 
protection is needed. It is the opinion of the author that the indi¬ 
viduals in war-torn Europe, such as were described by Schour, 129 would 
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belong to this class. The people suffering from pellagra, as described by 
Mann, and the malnourished, starving individuals in India should be¬ 
long to this class. It would be interesting to examine these individuals 
and analyze their saliva. 

With the above in mind it is obvious that if one knew all of the vari¬ 
ables that would regulate the rate of oral acid formation and the rate 
of oral acid neutralization, one would have a clear picture of the cari¬ 
ous process. Naturally, there are many well-known factors that would 
alter, regulate or modify these two prime variables; however, they are 
very numerous and they differ from mouth to mouth so that it is some- 



Figure 3. Factors influencing dental caries. 


times difficult to determine the exact factors involved in the individual 
case. Even if the factors are determined, one cannot always assign exact 
quantitative values to each variable. However, many variables have 
been determined which are general to a greater or lesser degree in all 
mouths, and which are readily ascertained. We do know the variables 
that regulate acid formation. This is for the most part a purely chem¬ 
ical phenomenon and can be determined with accuracy. The factors 
that regulate acid neutralization, on the other hand, are not so well 
understood and cannot, in many cases, be ascertained with accuracy. 
We can, however, discuss the general factors and point out, from 
theoretical considerations, the line of investigation for any individual. 
These factors are tabulated in Figure S. 

Factors Regulating the Rate of Acid Formation. The factors that 
regulate the rate of acid formation are relatively well known. The reac- 
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tions taking place during bacterial fermentation have been described 
previously in this paper. On the basis of these studies it is clear that 
the two and only two governing factors are (1) an adequate substrate 
and (2) the proper enzyme system. Under the conditions that exist in 
the mouth there are many conditions that would control each of these 
two factors. It must be emphasized that in order to have any acid, both 
an adequate substrate and enzyme system must be present. 

The Factors that Control the Substrate . First of all, the substrate 
must be in the mouth or in the site of action for a sufficient period 
of time for the reactions to proceed to acids. Furthermore, it must be 
in the form in which it may be converted to acids. The substrate is 
taken into the mouth, e.g., during the mastication of foods. Thus it 
ordinarily comes entirely from the diet. Furthermore, it consists only 
of that portion of the diet that remains in the mouth after the food is 
masticated and swallowed. This is indeed a very important fact. The 
diet as such exerts a controlling influence in that it helps to regulate 
the neutralizing factors in the mouth by means of the saliva, but it 
should be kept in mind that all of the acid which serves as the decalcify¬ 
ing agent is derived only from the excess food that remains in the 
mouth after mastication and swallowing. This factor is probably the 
main reason why, under starvation conditions, with little or no pro¬ 
tection against caries, few caries are produced. It is quite possible that 
if food were taken in gelatin capsules or by stomach tube, no caries 
would result, regardless of the type of diet. This treatment is not 
recommended as it would undoubtedly result in much periodontal 
disturbance, but it would be an interesting experiment. 

Another important factor is the type of substrate. From theoretical 
considerations and under the conditions that exist in the mouth, the 
polysaccharides, starches, dextrins, glycogen; the disaccharides, maltose, 
sucrose, lactose; and the monosaccharides, glucose, fructose, mannose, 
and galactose, should be capable of forming acids. The fats and pro¬ 
teins should be of no consequence. From actual clinical observations, 
only the disaccharides and monosaccharides are of much importance. 
In 100 per cent of the individuals in groups (1) and (2), caries can 
result from these sugars. In only about 10 per cent of the cases, mostly 
those in group (2), can caries be derived from starches. When one con¬ 
siders the theoretical aspects of the situation, one finds that the clinical 
observations are substantiated. As previously described, the conversion 
of glucose to lactic acid requires some fifteen steps, most of which are 
governed by an enzyme and coenzyme system. For the sake of brevity, 
let us designate these reactions by letters, rather than the actual com¬ 
pounds. Thus, if we designate glucose as A, glucose-6-phosphate as B, 
etc., then the equation will be a series, as A—»B—>C-»D—»E, etc. In all 
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cases of the two classes of patients in which acids are formed rapidly, 
the whole sequence of reactions may require only a few minutes at the 
most. One must remember that the speed of the production of the final 
product, lactic acid, depends solely upon the slowest reaction of the 
sequence. Thus, if the reaction A—»B required five seconds, and all the 
rest required five seconds, with the exception of the reaction C—»D, 
which we will say requires fifteen minutes, then the fastest time that 
we would expect the end product to appear is approximately fifteen 
minutes. Under these conditions the over-all reaction would be slow. 
It is generally agreed that the conversion of starches to acids requires 
first a hydrolysis of the starch to maltose, with a subsequent further 
hydrolysis to glucose, as shown in the following reaction. 

ptyalin 

Starch - > Maltose -> Glucose 

maltase 

Most of the oral bacteria can convert maltose to glucose at a very rapid 
rate, and hence maltose will produce acids under the conditions that 
exist in a “rapid acid formation mouth” almost as fast as glucose. How¬ 
ever, the reaction 

Starch ptya ^ Maltose 

in most mouths is quite slow. In most cases saliva must remain in con¬ 
tact with starch for several minutes before any reducing sugars are 
detectable. Thus, under ordinary conditions the reaction 

Starch —> Maltose —> Glucose —> B —> G —> etc. —> Lactic acid 

is quite slow. Unless the mouth in question has an extremely low protec¬ 
tion factor, then the acids from starches are of no consequence. How¬ 
ever, in those cases where a high ptyalin activity is present, and at the 
same time a low protective factor is present, starches may furnish the 
acids for the decalcification. The clinical evidence supports this view, 
and it may be that the observations of Schour in Italy are due to this 
factor. In Italy during the war the main foodstuff was spaghetti, and 
other starch foods, but dental caries were extremely infrequent. Labora¬ 
tory evidence also supports this view. 130 

Another factor that controls the substrate is the anatomical features 
of the mouth. Although sugars and starches are taken into the mouth 
in the diet, the amount of these substances retained in the mouth is not 
necessarily a function of the amount consumed. If the mouth has ana¬ 
tomical defects, such as pits and fissures, poor occlusion, poor contacts, 
and other situations that would prevent a self-cleansing mouth, much 
of the ingested food will be retained. However, if the mouth is self¬ 
cleansing, then little of the food will be retained. Thus, some indi- 
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viduals may consume relatively large quantities of sugar and still be 
relatively “caries-immune” while others may eat small quantities of 
sugar and still retain much of it and have “rampant caries.” 

The retention of food and sugar in the mouth is not wholly a func¬ 
tion of the self-cleansing ability of the mouth. The character of the 
food is of considerable importance. Some foods cling to the teeth and 
readily become impacted, while the coarse fibrous foods are less likely to 
be retained in the mouth. Furthermore, the amount of saliva would 
be a factor in washing the soluble sugars from the mouth. 

Another factor in the retention of substrate in the mouth is the 
frequency of eating. If sugar is ingested at each meal, there is the possi¬ 
bility of three separate “attacks” of dental caries. Some individuals will 
eat many times per day, and the between-meal snacks are very fre¬ 
quently sweets in some form. This constant eating may well explain, 
in part, the increase in caries activity during the active growing period 
in children and young adults. Furthermore, confusion exists today con¬ 
cerning the relation of caries activity to pregnancy. It has been observed 
that when obstetricians limit the food intake during pregnancy, no 
change in caries activity results. 

From a theoretical point of view, oral hygiene could play a very im¬ 
portant role in regulating the substrate in the mouth. It is obvious 
that if the maximum acid potential is about twenty minutes after the 
ingestion of food, oral hygiene procedures could, if applied before this 
time, remove much of the substrate and even some of the acids if they 
are already formed. This procedure is being tried experimentally, and 
the preliminary results are very favorable. Even a discreet rinsing of 
the mouth with water while still at the table should be of considerable 
benefit. 

On the basis of the above, it is quite evident that there are a large 
number of variables that regulate the substrate in the mouth. There 
are undoubtedly others that would apply to specific cases. 

The Factors that Regulate the Enzyme System. It is known that all 
of the enzymes necessary for the production of lactic acid and other 
organic acids are elaborated by the microbial flora of the mouth. From 
a study of the enzyme systems of six oral microorganisms, it is obvious 
that each bacterium has a qualitatively different system, some having 
a higher or lower concentration of the different enzymes. As pointed 
out above, yeast has a high concentration of the enzymes required for 
the first few steps of the degradation process, but a low concentration 
of the enzymes required for the conversion of pyruvic acid to lactic 
acid; Lactobacillus acidophilus has a low concentration of enzymes 
necessary to start the series of reactions, but a very high concentration 
of the enzymes necessary to convert pyruvic acid to lactic acid. Thus, 
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when both organisms grow in symbiotic relationship there is the prob¬ 
ability that the combination can form acids very rapidly. It is quite 
possible that by the proper combination of organisms a truly efficient 
enzyme system can be present. The exact combination awaits further 
research. 

The problem is not as simple as it would seem. It is possible that a 
combination of organisms which could furnish an optimum concen¬ 
tration of each of the necessary enzymes could be found, and under the 
conditions in the mouth still not form acids at a maximum rate. There 
is considerable evidence to indicate that the reactions may be intra¬ 
cellular as well as extracellular. Thus, it would be possible to have 
some of the enzymes bound into the cell in such a manner that they 
would not operate with extracellular substrates. This possibility is un¬ 
likely, as all of the reacting substances are generally diffusible through 
most cell membranes. 

All the enzymes do not necessarily originate in the oral flora. It is 
quite possible that some of the enzymes come from the saliva or oral 
tissues. The ptyalin so necessary for the conversion of starch to fer¬ 
mentable sugars is derived from the saliva. It has been demonstrated 
that the dentine can furnish a phosphatase which may be effective 
in phosphorylating sugars. However, in general, few of the necessary 
enzymes have been demonstrated in the saliva, and until they have 
been found there, it is unnecessary to consider them as an important 
factor. 

Some of the coenzymes and activators have been demonstrated in the 
saliva. Furthermore, some of the bacteria have been demonstrated as 
being deficient in some of the coenzymes. Lactobacillus acidophilus is 
known to be deficient in the vitamin B complex, but yeast is extremely 
high in these factors. Thus, as long as the yeast is present the system 
would not lack coenzyme I. There is considerable evidence that mem¬ 
bers of the B complex are secreted in the saliva. If this is the case, 
some of the vitamins would depend upon the diet. The fact that 
people suffering from pellagra do not ordinarily have caries would 
tend to substantiate this contention. The saliva also furnishes the 
metallic ions, primarily magnesium, that are so necessary as activators 
in many of the enzyme systems. These, in turn, would also be a func¬ 
tion of the diet. 

In view of the above, it is quite clear that the enzyme system can 
and does come from the microbial flora. The efficiency of the system 
would be dependent in part on the kind and number of bacteria pres¬ 
ent. The enzyme system including the coenzymes and activators may 
come from the saliva and would in part depend upon the diet of the 
individual. The diet of course, particularly that portion which remains 
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in the mouth after the ingestion of food, also affects the bacterial flora. 
It is not known how much of this effect is due to the coenzymes and 
activators or how much is due to the quantity and type of food that 
remains in the mouth. 

Another factor that may assume important proportions in some cases 
is that of enzyme inhibitors. All of the enzymes are proteins and hence 
any substance that will denature or change the molecular configuration 
of proteins should inactivate the enzymes. Under ordinary conditions 
nothing of this nature would be found in the mouth. In addition to 
the above effect, certain substances are specific inhibitors for specific 
enzymes. An example of this is the fluoride ion. The fluoride ion will 
selectively inhibit enolase and block the formation of pyruvic acid. 
Whether this is the main mechanism of the action of fluorides on 
dental caries is not known, but it can be assumed that this action plays 
some role in the process. Other possibilities along these same lines are 
those of bacterial antagonism and the competition of enzymes. In the 
first case it is possible that some organism will form substances that 
will interfere with the enzymes of others. With our recent knowledge 
concerning the mechanism of antibiotics, this possibility is interesting. 

In regard to the “competition” of enzymes for substrate, other very 
interesting possibilities are suggested. For instance, it is known that 
Staphylococcus albus converts pyruvic acid to non-acid products, and 
that Lactobacillus acidophilus converts pyruvic acid to lactic acid. Thus, 
if the enzyme system of Staphylococcus albus were in large excess, little 
if any lactic acid would be formed. Whether or not this mechanism is 
ever operative is not known. Since tissue enzymes will convert pyruvic 
acid to carbon dioxide and water, it is possible that if the proper 
enzymes were present the pyruvic acid could be converted to harmless 
substances. This system may partially explain the observed antagonism 
of caries activity and pyorrhea. 

In summary it might be stated that the enzyme system probably de¬ 
pends primarily on the bacterial flora, which in turn is dependent to a 
large extent on the diet. Some of the necessary requirements must be 
present in the diet and some originate in the saliva. In addition to this 
there is the possibility that in some cases other factors, such as enzyme 
inhibitors, bacterial antagonism, and a competition of enzymes for sub¬ 
strates, may alter the path of the reactions. 

Factors Influencing the Neutralization or Dissipation of Acids. Inso¬ 
far as acids are formed from carbohydrates retained in the mouth, it is 
obvious that the factors that influence the dissipation or neutralization 
of these acids are of prime importance, and in many cases the determin¬ 
ing factor of dental caries. There are many conditions found in the 
average mouth that would tend to protect against the action of acids. 
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Perfectly formed and anatomically correct teeth and mouth and a copi¬ 
ous supply of highly buffered saliva would afford the maximum protec¬ 
tion. Which of the factors that regulate neutralization are the most 
important quite possibly depend upon the individual. 

The Flow of Saliva. From theoretical considerations one of the most 
important variables would be the amount of saliva that can be formed 
under the stimulation of the usual mastication of foods. The basal flow 
of saliva should be of little importance, as the damage is done during 
the period in which the saliva would normally be stimulated. Stimula¬ 
tion of saliva during the mastication of foods is a natural protection 
against acid formation. The amount of saliva so produced varies 
tremendously from individual to individual, and according to the re¬ 
sults of Trimble, 131 it is almost a straight-line function of caries activity. 
In cases where no saliva is produced, rampant caries is always present. 
One of the main observations in the absence of saliva is the exceptional 
amount of dental caries present. In most mouths, however, the differ¬ 
ences in caries activity between a copious flow of saliva and a moderate 
flow of saliva is not so great. This is presumably due to the protective 
action of other influences of the mouth. The difference between a mod¬ 
erate flow of saliva and no saliva is very great. The amount of saliva 
present affects its distribution. The protective action of saliva is due to 
several factors, e.g., washing or diluting action, and buffering action. 
If the saliva is present during the formation of acid, then the buffering 
capacity is important. The amount of saliva secreted basally and under 
stimulation is a function of the sympathetic and parasympathetic nerv¬ 
ous system. One of the main characteristics of salivary flow is that a 
stimulation of the sympathetic system usually causes a decreased output 
of saliva. Thus, a highly nervous individual or an individual under 
an emotional strain should produce a lesser quantity of stimulated 
saliva. This may explain the clinical observation that during times of 
emotional stress dental caries become more prevalent. Many attempts 
have been made to cause an increase in the flow of saliva, either by 
drugs or by physical means. In no case has success along these lines 
been attained. 

The Buffering Capacity of Saliva. All saliva is normally highly 
buffered, though many individual differences may exist. In 1915 
Marshall 132 of California discovered that individuals immune to dental 
caries had saliva with a higher buffering capacity than the individuals 
suffering from rampant caries. The buffering capacity of the saliva is 
governed primarily by metabolic processes and the diet. An alkaline- 
ash diet will usually produce a more highly buffered saliva, while 
a diet low in alkaline-ash will usually produce saliva with a low 
buffering capacity. 133 The buffering capacity, even when extremely low. 
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cannot be increased more than 100 per cent by the ingestion of an 
alkaline-ash diet. Furthermore, as previously stated, the buffering ca¬ 
pacity of the saliva would be of no consequence if for any reason it was 
prevented from reaching the areas in which acid is forming. Many 
factors may cause the saliva to be deflected from the areas in which it is 
needed. The calcium-phosphorus content of the saliva could be con¬ 
sidered as a buffering effect. If the calcium-phosphorus content of the 
saliva is completely ionized into calcium ion and tertiary phosphate, the 
saliva is always supersaturated and the ionic calcium and phosphorus 
must be depressed further or utilized by the acid before the teeth are 
attacked. Here again we have little information concerning the regula¬ 
tion of the calcium and phosphate ion in saliva. The total calcium con¬ 
tent of the saliva is usually characteristic of the individual, and may 
vary spontaneously in the same individual. The calcium and phosphorus 
content of the saliva, however, cannot be altered by the ingestion of 
calcium, phosphorus and vitamin D, unless the individual is so deficient 
in these elements that it is reflected in low calcium and phosphorus in 
the blood stream. This condition is extremely unusual in this country. 

The Physical Characteristics of the Mouth . Probably the most impor¬ 
tant factor, aside from the amount of saliva, is the physical characteris¬ 
tics of the mouth. The physical characteristics of the mouth may be 
either anatomical or mechanical. By the anatomical aspects we mean 
the position of the teeth, the shape of the arches, the shape of the teeth, 
and the shape of the jaws and the occlusion and contacts of the teeth. 
It may categorically be said that any anatomical anomalies that would 
impede the free flow of saliva to all surfaces of the teeth would prevent 
the saliva from performing its normal function of neutralizing acids. In 
addition to this, any anatomical feature that would aid in the accumula¬ 
tion of food stuffs and their retention during the act of mastication 
would provide more suitable substrate for acid formation. The very 
fact that one consumes sugars and carbohydrates does not necessarily 
mean that these materials are retained in the mouth. Thus, the anatomy 
of the mouth is a governing factor as to whether acids are actually 
formed and whether they are neutralized or otherwise dissipated. 

The factors that govern the anatomical aspects of the mouth are pre¬ 
dominantly hereditary. There is some evidence to indicate that diet and 
nutrition during formative periods of the teeth and during the growth 
of the individual is important, but it is generally conceded that in this 
country heredity is of greater importance, and may explain most of the 
trends associated with dental caries. 

In addition to the anatomical aspects of the problem there are many 
purely mechanical impediments such as fillings and orthodontic appli¬ 
ances which may, if improperly placed, furnish areas that may not be 
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readily accessible to the saliva. Obviously these may hinder the normal 
neutralizing influences of the mouth. 

The Dental Plaque. One of the most important and controversial fac¬ 
tors that would tend to prevent the contact of saliva with the surfaces 
of the teeth and the acids of decalcification is the so-called “dental 
plaque” or “mucin plaque.” This mechanical barrier is present on all 
teeth, whether susceptible or immune to caries. This deposit or film that 
exists primarily in the “susceptible” areas of the teeth has been investi¬ 
gated and discussed since the conception of the chemicoparasitic theory 
of dental caries. Despite all the attention it has received, there is still 
no agreement concerning the composition, the source, actual appearance 
and function of this material. In all probability, part of the confusion 
concerning the dental plaque is due to differences in the plaque itself, 
or to different conceptions concerning its nature. 

Several investigators 134 * 135 - 136 have proposed that the plaque itself is 
capable of decomposing to form acids in sufficient strength to decalcify 
the teeth. Whether or not acids may be derived directly from the plaque 
has not been satisfactorily answered, but it has been shown that the 
plaque material is an excellent nutrient for bacterial growth. 137 Kirk 138 
was of the opinion that the plaque is the major agency for the localiza¬ 
tion of all carious lesions. This opinion does not conform to that of 
Miller 139 and Pickerill, 140 who did not believe that the plaque is essen¬ 
tial to dental caries. In general, however, it is thought that the mucin 
plaque is of major importance and most studies 141 ' 143 seem to indicate 
that at least in caries-susceptible individuals this is quite probable. 
There is also considerable evidence to support the idea that some 
plaques are not harmful. It was suggested by Bibby 144 that the dental 
plaque may not be a uniform material, and that some types may be 
beneficial while others may be harmful. This latter concept is more 
in accord with the findings of Bradel and Blayney. 143 

Despite all of the excellent work on this subject there is no agree¬ 
ment concerning the source, composition, and function of this material. 
Kirk 13S was able to form plaques from salivary mucin and was of the 
opinion that the plaque on the teeth was derived from salivary mucin. 
Most investigators, however, feel that the major portion of plaque ma¬ 
terial consists of living and dead microorganisms. 141 ' 143 ’ 145 - 147 

Although there has been a tremendous amount of bacteriological in¬ 
vestigation of the plaque, relatively little chemical work has been done. 
Lothrop, 148 on the assumption that plaques are primarily mucin, made a 
rather intensive study of salivary mucin, a glycoprotein with a variable 
composition. The nitrogen content varied from 9 to 14 per cent. 
Inouye 149 found salivary mucin to contain 10.45 per cent nitrogen. An 
actual analysis of plaques on human teeth showed the material to be a 
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protein containing from 7.75 to 11.2 per cent nitrogen. This is of about 
the same order as analysis of salivary mucin. 

Campaigne 150 investigated mucin plaques on human teeth, synthetic 
plaques, and salivary mucin. He described two types of plaques: one 
rather gray, tough and rubbery; the other white and very soft. An 
analysis of these plaques indicated the same composition but a different 
hydrogen-ion concentration. The white, soft plaque, commonly called 
“materia alba” had a reaction comparable to that of saliva. The gray 
rubbery ones were more acid. It is quite possible that these two types 
contain the same material, different only in regard to the proximity to 
the isoelectric point. 

It has been found that when the teeth are thoroughly cleansed, all 
the plaque material can be removed from the surface of the teeth. If 
there is no ingestion of food or other disturbances in the mouth, 
the plaque in the form of a thin, readily removed film will rapidly 
regenerate. Obviously, this material is not derived from the food, and 
hence it must be derived from the saliva. In all probability it is derived 
from bacterial action on salivary proteins. The analysis would not in¬ 
dicate whether the plaque is derived from the mucin or from the bac¬ 
terial masses, for they are both protein and contain comparable amounts 
of nitrogen. 

Regardless of the source and composition of the dental plaque, it 
would seem that anything so consistently present in the biological system 
should have some function. Furthermore, it would seem that anything 
so generally present would have a useful function, providing it had not 
been disturbed, altered or changed, by external factors. 

The material is extremely difficult to study from a chemical point of 
view, primarily due to lack of sufficient material for analysis. In 1939 
Campaigne 151 developed a glass electrode with which it is possible to 
measure the H + of as small a quantity as 0.001 ml of material. About 
this same time a micro method 152 for the determination of lactate was 
formulated. With these two tools it was possible to determine the buffer¬ 
ing capacity of plaque and carious material. If the pH and pK x are 
known, then the ratio of neutralized acid to free acid can be calculated. 
If the total acid is known, then the amount of neutralized acid and 
free acid can further be calculated by means of the equation 

pH = pK 1 + log^ 

The above methods showed that the plaque material from caries-im¬ 
mune individuals had the highest buffering capacity of any substance 
in the body. Plaques from caries-active cases had an excellent buffering 
capacity, but far less than that of the caries-immune plaques. 
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It is quite possible that the buffering capacity of plaque material is 
due to a multiplicity of actions, e.g., to the buffering action of its con¬ 
stituent protein, that of hydrolyzed amino acids, or perhaps some 
adsorbed base or salts. The first possible substance that may be sug¬ 
gested is ammonia or ammonium salts. Kesel has considerable informa¬ 
tion that ammonia may play an important role in the prevention of 
dental caries. The ammonium concentration in the saliva of most caries- 
immune individuals is not sufficient to explain the immunity. Kesel has 
suggested that perhaps the ammonia has been absorbed in the plaque. 
This is a very plausible suggestion, as one would expect a nitrogenous 
substance like certain proteins to absorb large quantities of ammonia, 
or ammonium salts. Another possibility would be that the plaque con¬ 
tains protein or protein fragments or amino acids that are predom¬ 
inantly basic. The amino acid content of the plaque material has 
never been determined. This would be an extremely interesting and 
important project. Yet another possibility is that free amino acids are 
present that would act as powerful buffers, but there is no information 
concerning them. This explanation is unlikely because of the insolu¬ 
bility of the plaque material. 

Whether or not an adequate explanation can be made, it is obvious 
that the buffering capacity of plaque material is very considerable, and 
may be a very important factor in the prevention of dental caries. 
Furthermore, it explains why acid foods do not ordinarily cause decal¬ 
cification. It is quite possible that the plaque is a natural defense against 
the decalcifying action of such substances as all fruit juices. It also 
suggests the possibility that dental “erosion” in which a typical non- 
carious decalcification occurs, may be due to a faulty formation of non- 
carious plaques. 

The Formation of the Carious Lesion. Practically all of the research 
concerning the actual progress of the decalcification and formation of 
the cavity has been histological in nature. Several attempts have been 
made to duplicate the natural process in vitro but to date the attempts 
have not been very successful. When acid is confined on the surface 
of the tooth in vitro by mechanical means, decalcification does occur 
as would be expected; however, in only rare occasions is it possible 
to obtain many of the true characteristics of a natural carious lesion. 
In most instances the cavity produced by acid decalcification is merely 
a “cupping out” of the inorganic phase without the finger-like projec¬ 
tions along the rods to the dentine, and only in very rare instances is 
the inverted-cone type of progress observed. The cavity produced by 
acid decalcification in vitro strongly resembles the decalcification ordi¬ 
narily observed in cases of “opalescent dentine” or those cavities that 
have occurred in non-vital or pulpless teeth, after the tooth has been 
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“treated.” From a physicochemical point of view, this is exactly what 
one would expect. 

It has been shown many times that the inorganic phase of the tooth 
is definitely an ionic compound and that the crystal lattice is orientated 
into a definite pattern. It has further been shown that the tooth is 
permeable to various ions and in some cases to relatively large mole¬ 
cules. Thus, there is definitely a transfer of ions under certain condi¬ 
tions. Radioactive salts are known to penetrate the enamel, the fluoride 
ion will definitely replace the OH ion,* and there is a tendency for water 
to transfer as exhibited by various dye experiments. 

In view of the above, the vital tooth should be considered as a semi- 
permeable membrane, and there is a tendency for ions and water to pass 
from the blood stream of the pulp to the saliva or vice versa. This 
“membrane,” the tooth, however, is not an ordinary membrane. It is 
ordinarily very dense, it is practically impermeable to most substances, 
and it is, so far as the enamel is concerned, almost entirely ionic in 
nature, so that the laws of diffusion through a membrane would be 
materially affected. Under these conditions the only substances that 
would be able to pass the membrane unmolested would be the un-ion- 
ized molecules such as water and certain small molecular weight, un¬ 
ionized compounds, such as ether, alcohol and perhaps a few dyes. If 
the inorganic portion of the enamel were un-ionized, then other sub¬ 
stances such as the fluoride ion, sodium ion, and hydrogen ion could 
pass at will, but as this is not the case, those ions that will replace the 
calcium, phosphate, or hydroxyl ion will be stopped by effecting such 
replacement in the enamel. Many of these ions will alter the chemical 
properties of the enamel. The fluoride ion will make the enamel more 
insoluble. If the hydrogen should replace the calcium, then a water- 
soluble compound is formed. In the true carious process this process 
takes place. 

The Role of Osmotic Pressure . Whether or not ions or molecules 
will diffuse through a membrane depends largely upon the concentra¬ 
tions of the solutes on both sides of the membrane, which in turn is 
reflected in the osmotic pressure of the respective fluids. In the normal 
mouth the osmotic pressures approximately balance: the osmotic pres¬ 
sure of the blood inside the tooth and pulp is about 6.8 atmospheres. 
The osmotic pressure of the saliva is also about 6.8 atmospheres. Under 
these conditions the transfer of water and other molecules is at a 
minimum. However, if very soluble materials are taken into the mouth, 
such as sugars or certain salts, this transfer would be very great. A simple 

* The relation between hydroxyapatite and fluorapatite is shown by the x-ray work of 
C. A. Beevers and D. B. McIntyre [Mineralog. Mag., 27, 254 (1948)]. Fossil bone gradu¬ 
ally accumulates fluorine. 
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calculation (PV=nRT) would demonstrate this. If an 18 per cent 
glucose solution were taken into the mouth, the osmotic pressure of the 
solution is 22.4 atmospheres. Thus, there is a tendency for the sugar to 
diffuse toward the pulp and there is a tendency for the pulp to become 
dehydrated by the outward passage of water. The phenomenon could 
be compared to the action of red blood cells when placed in a hyper¬ 
tonic solution. 

In the normal sound tooth this action is not evident because most 
teeth are so impermeable that the actual passage of molecules would 
not take place even with these tremendous osmotic-pressure differen¬ 
tials. In many cases such as when candy is masticated, sugar concen¬ 
trations of much greater concentrations may result, and no manifesta¬ 
tions of these differentials would be exhibited. However, if a tooth 
is made more permeable because of the carious process or because of 
defects in the tooth such as pits, fissures or lamellae, the dehydration 
of the pulp may be evident as demonstrated by a “sweet tooth.” Most 
foodstuffs would not penetrate the intact enamel and even sugar would 
have no harmful effect if nothing further occurred, but in the case 
of sugar, further action does occur under ordinary mouth conditions. 

The Role of the Hydrogen Ion . It has been conclusively shown that 
when fermentable sugars come in contact with the enzyme systems of 
the mouth they are rapidly converted to acids, primarily lactic acid. 
The prime characteristics of all acids is that they will in the presence of 
water form hydrogen ions, H + . Thus, part of the tremendous osmotic 
pressure of sugar solutions in the mouth may be due to hydrogen ions. 
Furthermore, the osmotic pressure will be increased by the fermentation 
process. Let us consider the 18 per cent glucose solution again. If this 
sugar were converted quantitatively to lactic acid, then the osmotic 
pressure on the surface of the teeth would be slightly greater than 44.8 
atmospheres (672 lb per square inch), and the difference in osmotic 
pressure between the tooth surface and the blood stream of the pulp 
would be tremendous. Furthermore, hydrogen ions would be concen¬ 
trated on the surface of the tooth and would be literally sucked in toward 
the pulp. The hydrogen ion is so small that it could, if not stopped by 
the calcium ions of the crystal lattice, pass right through to the pulp. 
Because of the ionic structure of the enamel this cannot take place. 
The hydrogen ion would start to penetrate until it was replaced by a 
calcium ion. Thus, the hydrogen ion would not penetrate far because 
of the calcium ion, but because of the replacement, the portion of 
the crystal replaced would be water-soluble and hence would wash out, 
leaving a submicroscopic hole in the tooth. The hydrogen ions would 
necessarily follow the lines of least resistance. In the case of a lamellae 



L. $. FOSDICK 


391 


it is conceivable that the hydrogen ion may penetrate almost entirely 
through the enamel before it is “clipped off” by a calcium ion. 

In view of the above, the chemical process would be as follows: 

(1) Acids are formed in the dental plaque or on the surface of the 
tooth by the fermentation of sugars. 

(2) The acids thus formed or the hydrogen ions thus formed are 
ordinarily neutralized by the buffering action of the plaque or saliva 
and are hence rendered innocuous. If the plaque or saliva does not 
neutralize them because of the large amount of acid or the inefficiency 
of the plaque or saliva, then they are held on the surface of the tooth. 

(3) Under the influence of the osmotic-pressure differential, there is 
a tendency for ions to go toward the pulp and water to diffuse from 
the pulp. Insofar as the hydrogen ions are the smallest ions known, they 
would naturally travel along the lines of least resistance toward the 
pulp. If lamellae were present, this would be the line of least resistance. 
If lamellae were not present then they would penetrate along the least 
dense or least calcified rod. It is inconceivable that all the enamel rods 
are identical, so the penetration would be faster along some rods than 
others, but at the surface the decalcification would be as widespread as 
the area of acid. Under these conditions a cone of decalcification would 
be observed with the apex at the point of greatest penetration or least 
resistance to hydrogen ions, and a hole or pathway would be gradually 
made through the enamel. At first the “hole” is submicroscopic, but as 
the hydrogen ions pour through it, it is enlarged to the point where 
bacteria may also be “sucked” in, and if sugar molecules are also “sucked 
in” the bacteria have plenty of nutrient material to feed on. The process 
is repeated within the tooth; the discoloration that precedes the bacteria 
simply indicates areas of partial decalcification with the liberation of 
organic material. As bacteria are drawn into the “hole” the enzymes 
of the proteolytic type can act upon this decalcified organic material 
and produce discoloration. 

(4) When the hydrogen ions get through the enamel they no longer 
have to follow the very confining path. The organic material in the 
dentine will permit diffusion sideways as well as toward the pulp and 
another cone-shaped area is produced. By this time the path toward the 
pulp is well defined and decalcification can occur at good speed. This is 
contrary to the observations on the dentine of extracted teeth. In the 
vital organ the organic material does not impede the progress of the 
hydrogen ion, but in the extracted tooth where no osmotic pressure 
differences exist, the organic material impedes decalcification. 

Thus, from a physicochemical point of view, the vital tooth should 
decalcify more rapidly and with a different pattern than a treated 
tooth or an extracted tooth. Furthermore, with this concept there is no 
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fundamental difference between caries starting from a sound tooth sur¬ 
face and caries starting from lamellae. Furthermore it affords for the 
first time an excellent theoretical explanation for unilateral caries. 
Thus, if one approximating surface has lamellae while another does 
not, the condition is inevitable. 


The Control of Dental Caries 

We have now explained in some detail the mechanism whereby 
dental caries occur, including the way acids form and the way they 



Figure 4. Methods of inhibiting carles. 


attack the inorganic portion of the tooth. We have further described 
the many variables that control acid formation and the normal dissipa¬ 
tion of these acids. Thus, from a theoretical point of view, it should be 
comparatively easy to control dental caries. All that would be necessary 
would be to (1) prevent acid formation in the mouth, or (2) to increase 
the rate of acid neutralization or destruction. This can be graphically 
shown, as in Figure 4. 

In order to prevent dental caries there are two fundamental methods 
of approach. Of these two methods it has been found more practical 

inhibit the formation of acid than to increase the rate of acid neutral¬ 
ization or destruction; however, it may be said that in many procedures 
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both factors are influenced. For the purpose of explanation it may be 
well to describe each method separately and then arrive at a procedure 
which involves the practice of several methods. 

The Control of Acid Formation. Since the factors which regulate 
acid formation are much better known that the factors that control the 
neutralization of the acids, and since as these factors are more amenable 
to control, more success in the control of caries has been attained by 
interfering with acid formation. This can be attained by either con¬ 
trolling the substrate or by controlling the enzyme system. 

The Control of the Substrate . Many individuals have attained control 
of dental caries by the voluntary or involuntary elimination of ferment¬ 
able sugars from the diet. In some cases this has resulted in a better 
balanced diet as in the case of the work of Boyd, 153 and hence this line 
of approach may result in a better quality saliva. In other cases, such as 
in the starvation diets in certain parts of India, 134 in the war and post¬ 
war Europe, in the prisoner of war camps, in Japan and Germany, the 
low-sugar diets were very poor and unbalanced, and in many cases very 
deficient in food essentials. In any event, the mere elimination of fer¬ 
mentable carbohydrates in most cases will control caries. It should be 
emphasized that the elimination of carbohydrates from the mouth is a 
prime consideration rather than a balanced diet, providing the sugars 
are essentially eliminated from the diet. Under these conditions no acid 
can form. Even if the diet is very deficient no acid can form, and no 
caries can result. If sugar is present in an unbalanced diet, then protec¬ 
tion against acids becomes imperative, and hence a well-balanced diet is 
always recommended. 

The elimination of sugars, and in some cases starches, from the diet 
is not a practical means of controlling caries in this country. The eating 
habits and the taste for sugar is so firmly entrenched as to make this 
almost impossible. However, if the dentist can be partially successful 
along this line the practice is worthwhile. 

Other methods of producing a “sugar-free” mouth are possible. Of 
course, if one must have sugar, it can be taken in gelatin capsules, but 
that also is not feasible. A more practical method is to remove the sugars 
or acids from the mouth as fast as they are formed. This is being tried 
at present with excellent results. If the teeth are brushed immediately 
after each ingestion of food, the caries activity is materially decreased. 
If facilities are not available for brushing, a water rinse is very valuable. 

The Control of the Enzyme System . Although theoretically the regu¬ 
lation of the diet is an excellent method of caries control, from a 
practical standpoint interference with the enzyme system is more effec¬ 
tive. It is only necessary to have a suitable enzyme inhibitor present 



394 


COLLOID CHEMISTRY 


during the period the acids would normally form. This has been tried 
experimentally with zephiran, urea, urea quinine, synthetic vitamin K 
and the fluoride ion. In all cases in which the enzyme inhibitors were 
present along with the sugar, acid inhibition was effected. In all the 
above cases with the exception of fluorides in the drinking water, the 
presence of the inhibitor is dependent upon the cooperation of the 
individual. Under these conditions mass control of dental caries is 
impossible. 

In the case of the fluoride ion, the inhibitor may be always present. 
Furthermore, the action is multiple in that the solubility of the enamel 
toward acids is also effected. The experience with fluorides makes it evi¬ 
dent that it is not necessary to stop all acid formation. It is only 
necessary to inhibit the reactions to the extent that the oral environment 
can take care of the situation. Thus, an inhibition of ten per cent may 
cause a sixty to seventy per cent decrease in caries activity. This is self- 
evident with the use of topical application of sodium fluoride. 

From a theoretical point of view the ideal situation would be the 
addition of an enzyme inhibitor directly to sugar, so that all commercial 
sugar would contain the inhibitor. Under these conditions a true pub¬ 
lic health prevention of caries would be attained. At present no such 
inhibitor is available, but of the several hundred inhibitors tested, 
glyceric aldehyde 153 seems to fill most of the requirements. At present 
the only recognized method is the topical application of two per cent 
sodium fluoride. This has been tried and tested by the U. S. Public 
Health Department. 

The Control of the Neutralizing Influences. To date very little suc¬ 
cess has been attained by this method. There are so many variables in 
this category that even if some success were attained, it would be ex¬ 
tremely difficult to evaluate. One can improve the neutralizing influ¬ 
ences of the saliva by a well-balanced alkaline ash diet, but this usually 
entails a decrease in sugar consumption. For this reason the success at¬ 
tained cannot be accurately evaluated. One cannot influence the amount 
of stimulated saliva or the calcium or phosphate concentration in the 
saliva by any known means. 

The dentist and orthodontist can practice good dentistry and thus 
correct the anatomical features that would increase caries activity. This 
practice has probably been quite effective in this country, but here again 
one cannot accurately evaluate the exact effect. Good oral hygiene pro¬ 
cedures may be quite effective in removing harmful plaques, but here 
again the cooperation of the individual is important. It is quite possible 
that when more is known about the dental plaque, such knowledge can 
be used in the prevention of caries. 
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Conclusion 

Thus, it can be said that although we know about the causes and 
mechanism of dental caries, we do not as yet have methods of control 
that can be practical on a public health scale, but we do have excellent 
methods that can be utilized by the dentist. There are tests available 
whereby the dentist can evaluate the treatment, and there are many 
methods at his disposal for preventing caries. 

A logical procedure is suggested as follows: 

(1) Caries tests should be secured in order to determine the caries 
activity. 

(2) Dietary habits should be learned for the purpose of determining 

the sugar and starch intake and the adequacy of the diet. 

(3) An accurate mouth examination with radiographs should be 
secured in order to determine the clinical condition and the 
anatomical and mechanical aspects of the mouth. 

(4) The stimulated flow of saliva should be measured in order to 
determine the amount of saliva available. 

(5) The acid-neutralizing power of the saliva should be ascertained 

in order to determine the buffering capacity and as a check on 
the diet. With the above information the dentist should be able 
to determine the factors causing the condition, and thus pre¬ 
scribe the required methods of control. 

If the caries activity is high, the sugar intake high, the buffering ca¬ 
pacity of the saliva low, and if the anatomical features of the mouth are 
adequate, a simple correction of the diet would probably suffice. The 
patient would be required to reduce the sugar intake and include much 
fruit and vegetables in the diet. This should correct the condition and 
the decrease in caries activity could be determined by a subsequent 
caries-activity test. 

If the caries activity is high, the sugar intake low, the amount of 
buffering capacity of the saliva low, and the anatomical features of the 
mouth poor, the case will be very difficult. The patient should, of course, 
be placed on a well-balanced, sugar-free diet. He should be instructed 
to clean his mouth immediately after the ingestion of food. The teeth 
should be treated with fluorides and perhaps a liquid dentifrice contain¬ 
ing fluorides should be furnished. In this case it may not be possible to 
prevent all caries unless extreme cooperation is obtained, but the caries 
activity can be reduced to a minimum. 

If the dentist understands all of the multitude of variables and 
trains himself to recognize them, it is definitely possible with the tests 
and procedures available today to control dental caries. The degree of 
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success depends upon his knowledge of the process and procedures of 
control and upon the degree of cooperation he can secure from his 
patients. 


REFERENCES 

1. Michigan Workshop on the Evaluation of Dental Caries Control Technics, J. Am. 

Dental Assoc., 36, 3 (1948). 

2. Miller, W. D., “Der Mikro-organismen der Mundhoele,” 2nd ed„ Leipzig: George 

Thieme, 1892. 

3. Black, G. V., Trans. Illinois Dental Soc., 180 (1886). 

4. Roseberry, H. H., Hastings, A. B., and Morse, J. K., J. Biol. Chem., 90, 395 (1931). 

5. Element, R., and Tromel, G., Z. physiol. Chem ., 213, 263 (1932). 

6. -, and -, Klin. Wochschr., 12, 292 (1933). 

7. Bale, W. F., Le Fevre, M., and Hodge, H., Natunvissenschaften, 24, 636 (1936). 

8. Wendt, G. L., and Clark, A. H„ ./. Am. Chem. Soc., 5, 882 (1923). 

9. Holt, L. E., LaMer, V. K., and Chown, H. B., J. Biol. Chem., 64, 509 (1925). 

10. Fosdick, L. S., and Starke, A. C., ./. Dental Research, 18, 417 (1939). 

11. Kuyper, A. C., /. Biol. Chem., 159, 411 (1945). 

12. Robinson, R., "Significance of Phosphoric Esters in Metabolism,’' New York Univ. 

Press, 1933. 

13. Benedict, H. C., and Kanthak, F. F., ./. Dental Research, 12, 277 (1932). 

14. Enright, J. J., Friesell, H. E., and Trescher, M. O., J. Dental Research, 12, 759 

(1932). 

15. Forbes, J. C., J. Dental Research, 13, 415 (1933). 

16. Becks, H., Abhandl. Geb. Klin. Zahnheilk., 20, 1 (1929). 

17. -, and Wainwright, W. W., J. Dental Research, 14, 387 (1934). 

18. -, and -, J. Dental Research, 17, 198 (1938). 

19. Wainwright, W. W., J. Dental Research, 17, 235 (1938). 

20. Becks, H., J. Dental Research, 18, 431 (1939). 

21. -, and Wainwright, W. W., J. Dental Research, 18, 447 (1939). 

22. Wainwright, W. W., J. Dental Research, 18, 441 (1939). 

23. Becks, H., and Wainwright, W. W„ J. Dental Research, 20, 627 (1941); ibid., 637; 

with Young, D. H., ibid., 171. 

24. Starr, H. E., J. Biol. Chem., 54, 43 (1922). 

25. -, J. Biol. Chem., 54, 54 (1922). 

26. McIntosh, J. James, W. W., and Lazarus, B. P., Brit. J. Exptl. Path., 6, 260 (1925). 

27. Henderson, M., and Millet, J. A. P., J. Biol. Chem., 75, 559 (1927). 

28. Brawley, R. E., J. Dental Research, 15, 55 (1935). 

29. -, J. Dental Research, 15, 79 (1935). 

30. -, J. Dental Research, 15, 87 (1935). 

31. Grossman, L. I., and Breckman, B. M., J. Dental Research, 16, 179 (1937). 

32. Unpublished work in laboratory of Northwestern University Dental School, Chi¬ 

cago, Ill. 

33. Fosdick, L. S., and Hansen, H. L., J. Am. Dental Assoc., 24, 1445 (1937). 

34. Karshan, M. J. Dental Research, 15, 383 (1936). 

35. Etherington, J. W., and Trimble, H. C., J. Dental Research, 14, 218 (1934). 

36. Stephan, R. M., J. Dental Research, 17, 251 (1938). 

37. -, J. Am. Dental Assoc., 27, 718 (1940). 

38. Fosdick, L. S., Campaigne, E. E., and Fancher, O. E., Illinois Dental J., 10, 85 

(1941). 

39. Fancher, O. E., and Fosdick, L. S., J. Dental Research, 20, 267 (1941). 

40. Cagniard, L., Ami. chim. phys 68, 206 (1838). 

41. Schwann, T., Ann. Physik, 41, 184 (1837). 

42. Kutzing, F., J. prakt. Chem., 11, 385 (1837). 

43. Berzelius, J., Jahresber., 15, 237 (1836). 



L. S. F05DICK 


397 


44. Liebig, J., Liebig's Annal. Chem., 30, 250 (1839). 

45. Pasteur, L., Ann. chim. phys., (3) 58, 323 (1860). 

46. Traube, M., p. 119, Berlin, Ferd. Dumraler’s Verlagsbuch, 1858. 

47. Berthelot, M., Compt. rend., 50, 980 (1860). 

48. Buchner, E., Ber., 30, 117 (1897). 

49. Harden, A., J. Inst. Brewing, 11, No. I (1905). 

50. Young, W. J., Biochem. Z., 32, 178 (1911). 

51. Neuberg, C., and Karczag, L., Biochem. Z., 36, 68 (1911). 

52. Harden, C., and Young, W., Biochem. Z., 40, 453 (1912). 

53. Neuberg, C., and Kerb, J., Biochem. Z., 64, 251 (1914). 

54. -, Biochem. Z., 71, 1 (1915). 

55. Embden, G., Griesbach, W., and Schmitz, E., Z. physiol. Chem., 93, 1 (1915). 

56. -, -, and Laquer, E., Z. physiol. Chem., 93, 125 (1915). 

57. Euler, H., Ohlsen, H., and Johannson, D., Biochem. Z., 84, 402 (1917). 

58. Neuberg, C., Biochem. Z., 96, 180 (1919). 

59. -, Farber, E., Levite, A., and Schenk, E., Biochem. Z., 83, 224 (1917). 

60. Meyerhof, O., Z. physiol. Chem., 101, 165 (1918). 

61. Robinson, R., Biochem. Z., 16, 809 (1922). 

62. Meyerhof, O., Biochem. Z., 178, 395 (1926). 

63. -, and Lohmann, K., Naturwissenschaften, 14, 1277 (1926). 

64. -, and-, Biochem. Z., 185, 113 (1927). 

65. -, and Gottschalk, A., Biochem. Z., 154, 492 (1924). 

66. Nielson, R., and Sandberg, E., Biochetn. Z., 174, 196 (1926). 

67. Neuberg, C., Biochem. Z., 103, 320 (1920). 

68. Meyerhof, O., Biochem. Z., 178, 462 (1926). 

69. Robison, R„ and Morgan, W. T., Biochem. J., 24, 119 (1930). 

70. -, and King, E. J., Biochem. J., 25, 323 (1931). 

71. -, and-, Chem. Industries, 48, 143 (1929). 

72. Embden, G., and Zimmerman, M., Z. physiol. Chem., 167, 114 (1927). 

73. Harden, A., and Henley, F. R., Biochem. ]., 23, 230 (1929). 

74. Meyerhof, O., Biochem. Z., 292, 25 (1937). 

75. -, and Kiessling, W., Ber., 68, 243 (1935). 

76. Wood, H. G., Stone, P. W., and Werkman, C. H., Biochem. J., 31, 349 (1937). 

77. Neuberg, C., and Kobel, M., Biochem. Z., 272, 445 (1934). 

78. Meyerhof, O., Nature, 132, 373 (1933). 

79. Neuberg, C., Biochem. Z., 272, 445 (1934). 

80. Virtanen, A. I., Soc. Sci. Fennica Commentationes Phys. Math., 20, 1 (1925). 

81. Lutnak-Mann, C., and Mann, T., Biochem . Z„ 281, 140 (1935). 

82. Euhler, V., and Adler, E., Z. physiol. Chem., 234, 122 (1935). 

83. Dische, Z., Naturwissenschaften, 24, 462 (1936). 

84. Meyerhof, O., Naturwissenschaften, 23, 859 (1935). 

85. Colowick, S. P„ and Kalckar, H. M., J. Biot. Chem., 148, 117 (1943). 

86. Kalckar, H. M., J. Biol. Chem., 148, 127 (1943). 

87. Ostern, P., Guthke, J. A., and Terszakowec, J. Z., Z. physiol. Chem., 243, 9 (1936). 

88. Zakov, N, E., Biokhimiya, 6, 163 (1941). 

89. Herbert, D., Gordon, H., Subrahmanyan, V., and Green, D., Biochem. J., 34, 1108 

(1940), 

90. Warburg, O., and Christian, Biochem. Z., 311, 209 (1942). 

91. -, and-, Biochem. Z., 314, 1949 (1943). 

92. Werkman, C. H., and Wood, H. G„ Botan. Rev., 8, 1 (1942). 

93. Fosdick, L. S., and Hansen, H. L., J. Am. Dental Assoc., 23, 401 (1936). 

94. -, J. Am. Dental Assoc., 26, 415 (1939). 

95. Goadby, K. W., J. Brit. Dental Assoc., 21, 65 (1900). 

96. Gies, W. J., J. Allied Dental Soc., 10, 137 (1915). 

97. -, Hull, L. M., and Millikin, J. C., J. Allied Dental Soc., 10, 459 (1915). 

98. Moro, E., Wein, Klin. Wochschr., 13, 114 (1900). 

99. Rodriguez, F. E., Military Dental J., 5, 199 (1922). 



398 


COLLOID CHEMISTRY 


100. McIntosh, J., James, W. W., and Lazarus, B. P., Brit. J. Exptl. Path., 3, 138 (1922). 

101. -■,-, and-, Brit. J. Exptl Path., 5, 175 (1924). 

102. -,-, and-, Brit. J. Exptl. Path., 6, 260 (1925). 

103. Bunting, R. W., and Palmerlee, F., Proc. Soc. Exptl. Biol. Med., 22, 296 (1925). 

104. -, and-■, J. Am. Dental Assoc., 12, 881 (1925). 

105. -■, Nickerson, G., Hard, D. G., and Crowley, M., Dental Cosmos, 70, 1 (1928). 

106. -,-, and-, /. Am. Dental Assoc., 15, 1230 (1928). 

107. Jay, P., J. Am. Dental Assoc., 27, 393 (1940). 

108. Hadley, F. P., J. Dental Research , 13, 415 (1933). 

109. Johnston, M. M., Williams, E. H. M., Anderson, P. C., Drake, T. G. H., Tisdall, 

F. F., and Kaake, M. J., J. Am. Dental Assoc., 23, 1493 (1937). 

110. Rosebury, T., and Waugh, L. M., Am. J. Diseases Children, 57, 871 (1939). 

111. Snyder, M. L., J. Dental Research, 18, 497 (1939). 

112. Becks, H., Wainwright, W. W., and Young, D. H., J. Dental Research, 20, 171 

(1941). 

113. Collins, R. O., Jensen, A. L., and Becks, H., J. Am. Dental Assoc., 29, 1169 (1942). 

114. Niedergesass, K., Arch. Hyg., 84, 221 (1915). 

115. Hartzell, T. B., and Henrici, A. T., J. Natl. Dental Assoc., 4, 477 (1917). 

116. Tucker, W. H., J. Infections Diseases, 51, 444 (1932). 

117. Anderson, T. G., J. Dental Research, 16, 489 (1937). 

118. Bibby, B. G., and Hine, M. K., J. Am. Dental Assoc., 25, 1934 (1938). 

119. Permar, D., Kitchen, P. C., and Robinson, H. B. G., J. Dental Research, 25, 475 

(1946). 

120. Fosdick, L. S., and Wessinger, G. W., J. Am. Dental Assoc., 27, 203 (1940). 

121. -, and Starkes, A. C., J. Am. Dental Assoc., 28, 234 (1941). 

122. -, and Calandra, J. C., Arch. Biochem., 6, 9 (1945). 

123. -, and Dodds, A. F., Arch. Biochem., 6, 1 (1945). 

124. -, and Rapp, G. W., Arch. Biochem., 1, 379 (1943). 

125. -■, and Blohm, T., in press. 

126. -■, Can. Dental J., 9, 249 (1943). 

127. -, J. Am. Dental Assoc., 29, 2132 (1942). 

128. Burrill, D. Y., Calandra, J. C., Tilden, E. B., and Fosdick, L. S., J. Dental Research, 

24, 273 (1945). 

129. Schour, I., and Massler, M., J. Am. Dental Assoc., 35, 1 (1947). 

130. Fosdick, L. S., and Rapp, G. W., J. Dental Research, 23, 85 (1944). 

131. Trimble, H. C., Etherington, J. W., and Losch, P. R., J. Dental Research , 17, 

299 (1938). 

132. Marshall, J. A., Pac. Dental Gaz., 23, 335 (1915). 

133. Forbes, J. C., and Gurley, W. B., J. Dental Research, 26, 415 (1939). 

134. Gore, J. J., J. Dental Research, 17, 69 (1937). 

135. Lohmann, A., Dental Cosmos, 46, 1086 (1904). 

136. Gore, J. T., Dental Cosmos, 77, 942 (1935). 

137. Lothrop, A. P., and Gies, W. J., J. Allied Dental Soc., 5, 262 (1910). 

138. Kirk, E. C., Dental Cosmos, 52, 729 (1910). 

139. Miller, W. D„ Dental Cosmos, 44, 425 (1902). 

140. Pickerill, H. P., “Prevention o£ Dental Caries,” p 186, Bailli&re, Tindall and Cox, 

London, 1912. 

141. Hemmens, E., Blayney, J. R., and Harrison, R. W„ J. Dental Research, 20, 29 

(1941). 

142. Miller, B. E., Muntz, J. A., and Bradel, S. E., J. Dental Research, 19, 473 (1940). 

143. Bradel, S. F., and Blayney, J. R., J. Am. Dental Assoc., 27, 1601 (1940). 

144. Bibby, B. G., /. Am. Dental Assoc., 22, 222 (1935). 

145. Chase, S. W., Anat. Record, 33, (5), 357 (1926). 

146. Bibby, B. G., and Van Huysen, G., J. Am. Dental Assoc., 20, 828 (1933). 

147. Williams, J. L., Gies, W. J., and Bodecker, C. F., Dental Cosmos, 69, 123 (1927). 

148. Lothrop, A. P., J. Allied Dental Soc., 7, 410 (1912). 

149. Inouye, J., J. Dejital Research, 10, 7 (1930). 



L. S. FOSDICK 399 

150. Campaigne, E. E., and Fosdick, L. S., Northwestern Univ. Dental Research and 

Grad . Bull 38, 27 (1938). 

151. Fosdick, L. S., Campaigne, E. E., and Fancher, O. E., Illinois Dental J., 10, 85 

(1941). 

152. Miller, B. F., and Muntz, J. A., /. Biol. Chem., 126, 413 (1938). 

153. Boyd, J. D., /. Am. Dietet. Assoc., 18, 211 (1942). 

154. Dais, C. D. M., J. Am. Dental Assoc., 31, 52 (1944). 

155. Fosdick, L. S., and Calandra, J. C., J. Dental Research, 26, 309 (1947). 




Part III 

TECHNOLOGICAL APPLICATIONS 




SONIC AGGLOMERATION OF CARBON BLACK 
AEROSOLS 


C. A. Stokes 

Director of Research and Development, Godfrey L. Cabot, Inc., Boston, Mass. 


Introduction 

Aerosols are disperse systems of liquid or solid particles suspended in 
a gas. They may result from either dispersion or condensation processes. 
The particles of aerosols formed by dispersion processes, as for example 
by dry grinding, are usually larger than about 5 to 10 microns in diam¬ 
eter. Aerosols formed by dispersion are called dusts if formed by dispers¬ 
ing solids, and sprays if formed by dispersing liquids. This type of 
aerosol is fairly easy to collect because of the relatively high settling rates 
of particles greater than 5 to 10 microns in diameter (about 0.5 cm/sec 
for a 10-micron diameter spherical particle of density 2 gm/cc settling in 
air and 0.16 cm/sec for a 5-micron particle). On the other hand, aerosols 
formed by condensation—called fumes if composed of solid particles or 
mists if composed of liquid particles—are less than about 5 to 10 microns 
in diameter and are extremely difficult to collect unless first agglomerated 
by one means or another. (The settling rate in air of a 1-micron diameter 
spherical particle of density 2 gm/cc is 0.006 cm/sec.) 

It is not possible, of course, to draw a sharp line of demarcation be¬ 
tween aerosols formed by dispersion processes and those formed by con¬ 
densation processes. Aerosols of either type may contain a wide range 
of particle or agglomerate sizes. Condensation aerosols composed of 
solids are also called smokes , as for example the carbon smoke formed 
when a hydrocarbon burns with limited air supply. Fog is another term 
for liquid aerosols formed by condensation. Natural water fog, and arti¬ 
ficial water fog formed when solid carbon dioxide is dropped in warm 
water, are examples. Numerous excellent review articles are available on 
aerosol behavior in general. x ’ 2 An entire issue of the Transactions of the 
Faraday Society 3 is devoted to this subject and is perhaps the best review 
on this subject in the English language. 
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Carbon-Black Aerosol Collection. The collection of carbon-black 
smoke, whether in the form of furnace-, channel-, lamp- or thermal black, 
is perhaps the most important single case in all industry in which a 
fume or smoke is deliberately made and collected as a product. The total 
United States production of all types of pigment- and filler-grade carbon 
black is over 600,000 tons yearly. Nearly every type of fume collection 
equipment yet devised has been used or seriously proposed for use in 
collecting carbon black. Channel black, like the black made from vege¬ 
table oils by the ancient Chinese, is collected by thermal precipitation 
on cooled surfaces, in this case the steel channels from which the process 
gets its name. Lampblack is collected in gravity settling chambers, and 
in some plants the residual smoke is scrubbed with water in a baffled 
spray tower 4 to recover additional quantities of black. Thermal black is 
collected in bag filters when it is made as a primary product and in 
water-filled traps and baffled spray towers when it is made as a by-product 
of oil-gas or hydrogen manufacture. Furnace black is agglomerated in 
Cottrell electrostatic precipitators and the agglomerates are collected in 
cyclones of conventional design. 

It is in the furnace-black industry that the most growth and tech¬ 
nological progress are taking place today. Furnace black accounts for 
nearly half of the total carbon black produced in the United States. 
Recently new grades of highly reinforcing furnace black have been de¬ 
veloped that can replace channel black for both quality and economy. 
The United States produces about 90 per cent of the world's supply of 
carbon black. There is little doubt that the furnace process will eventu¬ 
ally supplant the channel process for producing all except certain special 
high-priced pigment carbons. This paper is concerned with the applica¬ 
tion of a new method of aerosol agglomeration to the furnace-black 
process. 

Description of Carbon-Black Aerosols. As initially formed in the par¬ 
tial combustion flame of the channel-, furnace-, or lampblack processes, 
or in the thermally cracked gas envelope of the thermal black process, 
carbon black consists of primary particles * varying in number average 
diameter from about 0.005 to 0.5 micron. For a given type and grade 
of black the distribution of sizes about the mean is fairly narrow, i.e., 
about 90 per cent of the particles of any given grade of black will lie 
within a tenfold range of diameter. Furnace blacks range in mean 
diameter from about 0.03 to 0.07 micron. Figure 1 shows an electron- 
microscope photograph of semi-reinforcing furnace black before agglom¬ 
eration by the Cottrell apparatus. Figure 2 shows the same black after 

* The primary particle is defined by the smallest particle that can be resolved by 
the electron microscope. It appears to be spherical in shape when viewed by the 
electron microscope. The primary particles are always more or less clustered together, 
giving rise to such descriptive terms as structure units and chain-like aggregates. 
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passing through the Cottrell precipitator. The average primary-particle 
size for this grade of black is about 0.07 micron. The tendency of the 
primary particles to form chain-like aggregates is very strikingly shown 
by these photographs, which were made by catching carbon-black smoke 
from a commercial unit directly on the resin-coated 2-mm diameter 200- 
mesh screen used in electron-microscope technique to hold the specimen. 
As far as is known, this has never been done before; all previously pub¬ 
lished photographs were made by redispersing collected carbon black by 
the dry-sparking or the lacquer-grinding technique. Interesting as these 
photomicrographs are, it is evident that the magnification is too great 
to give an overall measure of agglomerate size distribution. 

Very soon after formation of carbon-black nuclei and growth of these 
nuclei to form the primary particles, or concurrently with the formation 
of primary particles, the particles form agglomerates,* ranging in size up 
to well above 10 microns. The left-hand panels in Figure 3, (a), (b), and 
(c) show photomicrographs of these agglomerates for several grades of 
furnace black. Agglomerates considerably larger than 5 to 10 microns 
may be formed when there is a sufficiently high initial concentration of 
primary carbon particles. Such large agglomerates are visible in the 
left-hand panel of Figure 3(a). Quantitative data on the size distribution 
of agglomerates in carbon-black smoke have not been published, as far 
as is known. No good method of obtaining such data has been developed, 
although there is considerable work under way now on this type of 
sampling problem. 5 - 7 The photomicrographs of agglomerates (shown in 
Figure 3) were made of samples caught on glass slides by quickly passing 
the slides through the smoke from commercial carbon-black units, t 

In addition to a variable number of large (5 to 10 microns or more 
in diameter) agglomerates, there are many small agglomerates in a 
carbon-black smoke that has not been subjected to some external ag¬ 
glomerating force (Figure 3). These small agglomerates, which are a 
large number fraction of the total agglomerates, are less than about 5 to 
10 microns in diameter, so that they settle very slowly and cannot be 
collected at high efficiency in cyclones. The weight fraction of agglom¬ 
erates less than 5 microns in diameter seems to be a function of the total 
concentration of carbon black rather than a function of primary-particle 
size of the black. It is the agglomerates below 5 to 10 microns in diam¬ 
eter that present collection difficulties. 

The range of effective agglomerate size is determined by inference from 

♦The problem of determining what is a true agglomerate , formed by chance 
collision of particles and agglomerates already formed, and what is a structural or 
chain-like agglomerate , formed integrally as a part of the carbon-black primary-particle 
growth process, is unsolved and is probably not pertinent to this discussion. 

f Acknowledgments are due to Mary H. Martin and N. D. Steele, of Godfrey L. 
Cabot, Inc., for preparing these slides and photomicrographs. 
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Figure 3. Agglomeration of several grades of furnace black. (lOOx) 


the fact that, in most cases, carbon-black smokes settle only very slowly 
unless agglomerated by a superimposed force, such as prevails in electro¬ 
static precipitation, and from the fact that the agglomerates in carbon- 
black smokes which have not been subjected to superimposed agglomera¬ 
tion forces are visible in the ordinary light microscope. These two facts 
indicate that a large portion of the smoke consists of agglomerates in 
the range of 0.3 to about 5 to 10 microns. When a carbon black is 
formed under conditions that produce a high concentration of carbon 
particles in the smoke, particles may agglomerate rapidly enough to 
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allow practical collection in gravity settling chambers. This is the case 
with lampblack made from creosote oil; the carbon black is formed just 
above the surface of the vaporizing oil before the vapor is admixed to 
any great degree with the combustion air. Some small agglomerates of 
lampblack escape or are collected by secondary means, but they are a 
minor weight fraction of the total black produced in this case. 

Methods of Agglomerating and Collecting Aerosols. Aerosols formed 
by condensation processes usually must be agglomerated before the dis¬ 
persed material, whether liquid or solid, can be separated out in a prac¬ 
tical way. On the other hand, the coarser particles of aerosols formed by 
dispersion processes can usually be collected without a special agglomera¬ 
tion step. Devices for recovering the dispersed particles of aerosols may 
be divided into two groups according to their principal function: 

I. Agglomerating 

(a) Electrostatic precipitators 

(b) Sonic agglomerators 

II. Collecting and agglomerating 

(a) Gravity settling chambers 

(1) without contact surface 

(2) with contact surface 

(b) Inertial separators, dry or wet 

(1) centrifugal type 

(2) impingement type 

(c) Barrier devices (filters) 

(d) Thermal precipitators 

(e) Interphase transfer devices (scrubbers, using liquids 

as collection medium) 

Devices having agglomeration as a principal function are usually fol¬ 
lowed by those having collection as a principal function, although this 
is often unnecessary in the case of electrostatic precipitators when operat¬ 
ing on high specific-gravity solid aerosols or on liquid aerosols that col¬ 
lect on the electrodes or agglomerate in the space between electrodes and 
fall into the hopper without being re-entrained in the gas stream. Also 
in the case of extremely dilute aerosols, an electrostatic precipitator may 
function primarily as a collection device. In such a case, the particles 
of the aerosol are moved (with little chance of agglomeration because of 
the large spacing between particles) to the discharge electrode, where 
they adhere to a dry or wet collector plate. An example of this is the 
“Precipitron/’ which is used to remove dust from air in air-conditioning 
installations. It is worth noting that in all the aerosol collection devices 
agglomeration (cohesion) and adhesion play a very important part in the 
proper functioning of the apparatus. For example, a bag filter will col¬ 
lect fairly dilute carbon-black smoke even though the agglomerates are 
much smaller than the pores in the filter cloth. The carbon agglomerates 
adhere to the fibers and then other carbon agglomerates cohere to the 



C. A. STOKES 


409 


carbon adhering to the fiber. In this way a filter cake of carbon is built 
up that is impermeable to even the smallest carbon agglomerate. If the 
carbon-black smoke is too dilute, the carbon penetrates the fabric so 
that it not only plugs it completely, but also destroys its flexibility to a 
large degree. 

There are a number of practical reasons why furnace-black aerosols 
should be agglomerated before an attempt is made to collect them. It 
would be beyond the scope of this paper to go into a discussion of all 
the reasons. Suffice it to say that furnace-black collection is a two-step 
process: agglomeration followed by collection.* 

In view of this statement it may be somewhat puzzling that thermal 
blacks are collected in bag filters. The answer is that thermal blacks are 
produced in a cyclical process and are collected in an atmosphere con¬ 
taining 80 per cent or higher concentration of hydrogen. Furthermore, 
the pigment- and filler-grade thermal blacks (as contrasted to by-product 
grades) are much more economical to handle when collected dry. A bag 
filter is about the only practical device yet developed that will meet all 
of the above conditions. 

The electrical precipitator (Cottrell) functions very well for agglom¬ 
erating furnace blacks and is used today in all furnace-black plants. How¬ 
ever, it is a high first-cost apparatus and suffers somewhat from lack of 
flexibility when switching from one grade of furnace black to another 
and/or to different flow rates. It must be shut down for frequent clean¬ 
ing of the electrical system and is sensitive to electrical surges due to 
lightning storms or other causes. Power consumption for energizing the 
electrodes and for pumping gas through the precipitator is very low. 
The cost of the cyclones used in conjunction with electrostatic pre¬ 
cipitators is relatively low compared to cost of the precipitator and 
auxiliaries. 

Because of the growing importance of furnace black, the increasing 
difficulty of collecting finer particle-size blacks due to the low total black 
concentration in these cases, and the great increase in construction and 
equipment costs with a corresponding increase in natural gas value, it is 
only logical that some effort would be made to develop agglomeration 
apparatus of lower first cost and of equivalent or superior performance 
compared with the electrostatic precipitator. 

This paper presents the results of the first (as far as is known) fairly 
large-scale experimentation, using actual commercial conditions, with 
sonic energy as a means of agglomerating an aerosol, which in this case 
was so-called fine furnace black. Because of the pioneering nature of the 

* However, in at least one case a unit is being built to both agglomerate and collect 
carbon black in an electrostatic precipitator. Collection efficiencies of 96 ± 2 per cent 
at an inlet grain loading of 2.2 grains per cubic foot are confidently expected by the 
builder. 8 
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Figure 4. Sonic collection system for recovering sulfuric acid fog 
(center, foreground) installed at American Cyanamid Company, 
Warners Division, Linden, New Jersey. 


work, a great many questions were left unanswered. Many of these ques¬ 
tions have been partially answered by subsequent commercial-scale tests 
on other aerosols. It has been concluded, as a result of the experiments 
described here and subsequent commercial tests, that the next step in ap¬ 
plying sonic agglomeration to furnace black might well be a full com¬ 
mercial-scale unit involving a gas flow of 30,000 cfm or higher. The data 
on sonic agglomeration presented later in this paper represent some of 
the first development work done by the Ultrasonic Corporation and 
should not be taken as indicative of the present state of the art, since 
considerable development has taken place since.* 

* Commercial sonic agglomeration systems have been installed and are operating 
successfully to collect soda ash from paper mills and to recover sulfuric acid fog and 
fume. Figure 4 is a photograph of the installation at American Cyanamid Co. for 
the recovery of sulfuric acid fog. 
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Sonic Agglomeration Experiments 

Sound Generators in Gaseous Media. Three types of apparatus are 
used to generate sound in a gas: (1) piston; (2) valve (siren); (3) gas cur¬ 
rent (whistle). The various types of sound generators have been reviewed 
by Sollner. 9 

The piston type includes crystals that vibrate by the piezo-electric 
effect, magnetostriction devices, and electromagnetic devices. Other meth¬ 
ods of actuating a piston, e.g., a purely mechanical system for vibrating 
a piston or diaphragm, may be visualized. It is sufficient to say here that 
as yet no one has developed a piston device that is practical for genera- 
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Figure 5. Schematic drawing of siren- or valve-type sound 
generator. 


tion of high-intensity sound on a large scale in gases. St. Clair 10 used an 
electromagnetic device on a fairly large laboratory scale in studies on 
agglomeration of ammonium chloride and other smokes. A satisfactory 
piston-type sound generator for commercial use in gaseous systems would 
present an advantage over the valve type in that there would be no 
dilution of the gas being treated when using the piston-type generator. 

In valve-type sound generators, a flowing gas stream is interrupted at 
a high frequency by a suitable valve arrangement. The simplest case 
would be that of a tube (left, Figure 5); the air discharge is interrupted 
at regular frequency by a slide valve. In order to get high frequencies a 
siren design (right, Figure 5) is employed commercially, in which there 
are N 8 stator holes and N R rotor holes. At a given speed of revolution 
(rps), the frequency of the sound is given by: 

f = N r (rps) 

The valve-type sound generator always involves dilution of the gas being 
treated by the gas passing through the valves of the generator. Use of 
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separating diaphragms between the sound source and acoustic chamber 
is not yet practical on a large scale. 

In practice, a siren-type generator is driven by a variable-speed electric 
motor or a turbine. This type of generator can be driven by the rotor 
gas supply if the rotor and stator are designed properly. However, an 
external drive is needed for good control. The principal power input is 
the power required to compress the rotor gas. The rotor gas supply is at 
pressures up to about 5 or 6 lb/in 2 gauge. Higher pressures may be used, 
giv ing higher intensities of sound, but with existing siren-generator de¬ 
signs, above 5 or 6 lb/in 2 gauge, a very small gain in sound intensity is 



Figure 6. Cutaway view of the Ultrasonic Corporation U-2 siren-type sound generator. 

at the expense of a large decrease in efficiency. At constant speed and 
rotor pressure, the total sound energy output is proportional to the total 
area of the rotor ports. Figure 6 shows a cutaway view of the Ultrasonic 
U-2 siren-type sound generator used for the work described in this paper. 
The problems of design and operation of siren-type generators are very 
similar to those encountered in high-speed turbine design and operation. 
Hence it may be concluded that such generators can easily be made prac¬ 
tical commercial devices, a conclusion now borne out by commercial- 
scale operation in at least two cases. 11 

Gas current or whistle-type sound generators have been described in 
the literature. 12 These devices have not been developed to high enough 
efficiency to be of practical importance in commercial sonic agglomera¬ 
tion. An organ pipe is an example of a low-intensity whistle-type sound 
generator. 
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Effects of Sound Energy on Aerosols. Agglomeration of aerosols by 
sound energy has been studied more thoroughly with a view toward prac¬ 
tical use than any other action of sound waves on colloidal systems. The 
state of knowledge up to 1944 has been well summed up by Sollner: 13 
“Numerous attempts have been made to apply sonic coagulation meth¬ 
ods to the precipitation of industrial fogs and smokes. Since coagulation 
occurs readily in streaming aerosols it is possible to handle large vol¬ 
umes; however, no definite statement can be made at present as to 
whether or not sonic coagulation may be developed into an industrial 
method; the chances that this may be achieved seem to be rather good.” 



Up until 1946, when Horsley and associates of Ultrasonic Corporation 
developed their high-output siren, no practical device was available 
for generating high-intensity sound in gases on a large scale, so that prior 
to 1946 laboratory findings on sonic agglomeration could not be followed 
up by pilot-plant or commercial-scale tests. The theory of the agglom¬ 
erating effect of sound is qualitatively well developed but quantitative 
calculations of agglomerating effect under commercial conditions can¬ 
not yet be made. It has not been definitely established which of the 
several mechanisms of agglomeration is most important under a given 
set of circumstances. 

Figure 7 shows an idealized system in which the gas in a closed-end 
sound chamber is in resonant vibration with a source of sound waves. 
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in this case a vibrating piston-type sound generator. The length of the 
chamber is related, at resonance, to the wavelength of the sound by 



where L is the chamber length, l is the wavelength of the sound, and n 
is any odd integer. The top line of Figure 7 shows schematically the con¬ 
densation and rarefaction of the gas at any instant, and the bottom line 
(the curve designated by crosses) shows the corresponding instantaneous 
pressure as a function of length. The points of maximum condensation 
and rarefaction will be reversed each cycle, but the points at which the 
pressure curve crosses the reference axis remain the same. The gas veloc¬ 
ity and displacement curves are in phase with each other and are a quar¬ 
ter wavelength out of phase with the pressure curve. The points where 
the curves cross the neutral axis are called nodes; the maxima of the 
curves are called antinodes or loops. 

At a given frequency of rapping, the energy input to the chamber re¬ 
mains constant as long as the amplitude of the piston is constant. At a 
given frequency, if the rapping is made more vigorous, the amplitude 
of the piston increases and the energy input to the chamber increases as 
the square of the amplitude. The energy input at constant amplitude in¬ 
creases as the square of the frequency. 

It is clear that in the resonant system described there must be sound 
energy losses equal to the energy input at the piston or the amplitude 
of the piston would increase each time the sound wave is reflected 
from the end of the chamber back to the piston. In practice there are 
at least four ways in which the sound energy will be dissipated: (1) 
absorption at the wall and transmission through the wall; (2) damping 
due to viscous (frictional) effects in the gas; (3) losses through open¬ 
ings (in case of flow systems); and (4) absorption of energy in causing the 
aerosol particles to move (ultimately appears as a frictional effect in the 
gas)- 

Each time a sound wave strikes a rigid wall of smooth material (sur¬ 
face discontinuities small compared with the wavelength), the energy of 
the reflected wave is about 99 per cent of the energy of the incident 
wave, a loss on the order of 1 per cent [effect (1)]. About 10 per cent of 
this effect can be accounted for, as needed, to accelerate the molecules 
of the wall construction material, and about 90 per cent cannot be ex¬ 
plained readily. Since this loss occurs each time the wave strikes the wall, 
the total loss by this mechanism can be quite appreciable. The second 
effect is small at low frequencies (on the order of 1000 to 10,000 
cycles/sec) with low molecular-weight gases at ordinary pressures and 
temperatures. Effects (1) and (3) are the major effects in practical com- 
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mercial systems, i.e., flow systems. It may be possible to reduce effect 
(3) by installing acoustic filters of suitable design. Effect (4) is useful and 
is believed to be of appreciable magnitude, although no one has suc¬ 
ceeded in measuring it with high precision. 

The intensity of sound energy is measured by 

_ energy _ 

(unit time) (unit area) 

in the direction perpendicular to the travel of the wave. A common 
unit of intensity is watts/cm 2 or 

-. X1 Q7 

(sec)(cm) 2 X iU 

The decibel notation is also used to designate intensity. The number 
of decibels between two intensity levels is 10 times the log of the in¬ 
tensity ratio: 

N- 10 log £ 

where N is the decibel rating corresponding to the intensity I On this 
scale, the faintest sound of frequency 1000 cycles/sec discernible by the 
normal human ear corresponds to an absolute energy intensity of 10 -16 
watts/cm 2 and to a pressure effect of 0.0002 dyne/cm 2 . Thus, for an in¬ 
tensity of 160 decibels, the absolute intensity is: 

7i - Io (antilog = 10 _lc * 10 16 = 1 watt/cm 2 

Another term of significance in acoustic systems is the energy density, 
usually expressed in ergs per cm 3 . 

Brandt, Freund, and Hiedemann 14-16 have studied, by means of high¬ 
speed photomicrography, the motion of aerosol particles in a sound field 
and have published photomicrographs of the aerosol before and after 
agglomeration. These same authors 17-22 and others 23-27 have discussed 
the movement of suspended particles in a sound field and have developed 
mathematical relationships to describe particle motion. Recently St. 
Glair 28-30 has published the results of a series of experiments on sonic 
agglomeration of ammonium chloride smokes. He shows by photographic 
evidence (Figure 8) that the agglomerated aerosol collects in regions 
spaced i/ 2 wavelength apart, corresponding to nodes or antinodes, and 
concludes that the radiation-pressure effect is of controlling importance 
in causing agglomeration. 

It is recognized that at least three mechanisms are operative in causing 
agglomeration of an aerosol in a sound field: (1) Covibration of particles 
in the vibrating gas as a result of the drag between particles and dis¬ 
persion medium; this causes an increased rate of particle collision. (2) 
The Bernoulli effect due to the constriction or expansion of the dis- 
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persion medium as it moves rapidly back and forth between or parallel 
to closely-spaced particles. (3) The radiation-pressure effect, arising be¬ 
cause of difference in momentum of the dispersion medium on opposite 
sides of the particle. 



Figure 8. Concentration of agglomerated aerosol (ammonium chloride) at 
nodes and antinodes. (From St. Clair 28-30 ) 


If a stable aerosol * is passed through a sound field of high intensity, 
the aerosol particles are moved back and forth at the frequency of the 

* In a carbon-black aerosol, during and immediately after formation, the particles 
are subject to Brownian motion (which is greatly increased by the high temperature 
of the furnace process), which brings about a rapid rate of collision between particles 
until the agglomerates so formed either become too large to be affected by the impacts 
of the molecules of dispersion medium or become too far apart for frequent collision. 
When this stage is reached, the aerosol is relatively stable and will settle only very 
slowly under the influence of gravity. Channel-black smoke, for example, will remain 
suspended on the horizon for days at a time when there is little turbulence in the 
air below a few thousand feet above the ground. The particles of a stable aerosol 
may be “protected” from agglomeration by a repulsion effect if all particles bear 
electrical charges of the same sign. The particles or the agglomerates are surrounded 
by a stagnant layer of gas that may tend to reduce the number or the effectiveness 
of the collisions between particles and agglomerates. The adsorption of gas in a thin 
layer on the surface of the particles is thought to make agglomeration more difficult. 
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sound and at a velocity varying with the size of the particle, but always 
less than the velocity of motion of the dispersion medium. [This is 
mechanism (1) described above.] The largest particles move very little 
because of their high ratio of mass to drag; the smallest particles move 
almost at the velocity of the dispersion medium. The higher the in¬ 
tensity of the sound, the greater the rate of acceleration of the particles 
and hence the greater the energy of the impact between particles. For 
each size of particle there is an optimum frequency of sound, at a given 
sound intensity, that will produce the greatest degree of motion of 
the particle. However, because of the broad size distribution of particles 
and agglomerates, the range of optimum frequency may be rather broad. 
It is quite probable that this motion effect is of controlling importance 
in the agglomeration of carbon-black aerosols when subjected to a sound 
field for only a few seconds, as would be the case in any commercially 
practical apparatus. It does not seem likely that the radiation-pressure 
effect described below would be the major cause of agglomeration when 
the contact time is low (less than 2 or 3 sec). 

The Bernoulli effect is of importance only when particles are quite 
close together. When the line of centers of the particles is at right 
angles to the sound field, the particles are attracted. When the particles 
are arranged with their line of centers parallel to the sound field, the 
particles are repelled. 

The radiation pressure in a sound field may be measured by suitable 
delicate instruments. Its magnitude may also be calculated. 31 Radiation 
pressure is demonstrated by the fact that a standing wave sound field 
in a gaseous medium will support objects of considerable size, e.g., a 
ping-pong ball or a fifty-cent piece. 

Laboratory Apparatus and Procedure. The first experiments were 
made in a “Pyrex” glass jar into which sound was transmitted through 
a stretched rubber diaphragm about 1 mil in thickness. This jar, which 
held about one-half cubic foot of smoke, was flushed with carbon-black 
smoke until all the original air was displaced. The inlet and outlet were 
then closed and sound directed against the diaphragm. Agglomeration 
was followed qualitatively by changes in intensity of transmitted light 
measured with a photocell. All measurements were relative as no cali¬ 
bration of light transmission versus agglomerate size could be made. 
Studies of light transmission versus time were made for carbon-black 
smoke, without sound and with sound of varying frequencies and intensi¬ 
ties. No continuous-flow experiments were made. 

From the start, the laboratory experimenters were beset by many 
problems. The principal difficulty was the precipitation of carbon black 
on the walls of the “Pyrex” glass jar, which interfered with the light- 
transmission readings. This difficulty can be overcome in a flow system 
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by suitable means, but in a batch system it can only be minimized, not 
eliminated, by keeping the smoke temperature the same as the tempera¬ 
ture of the glass, thus avoiding the thermal-precipitation effect. 

The carbon-black smoke was made by burning natural gas; to avoid 
condensation of water vapor on the chamber walls, the smoke was passed 
through a “Dry-Ice” trap to remove water vapor. This meant that there 
probably was a fog of water droplets mixed with the carbon-black 
particles, making agglomeration of the carbon black easier.* Hence the 
laboratory experiments did not closely duplicate expected commercial 
conditions. The rubber diaphragm made experiments at temperatures 
above the smoke dew-point impossible even if wall condensation could 
have been avoided. 



Figure 9. Flow diagram for sonic agglomeration experiments. 


Sound intensity was measured in the empty chamber using a micro¬ 
phone device o£ conventional construction. The precision of this meas¬ 
urement is low. It is interesting to note that a microphone makes use of 
the piezo-electric effect to measure sound intensity, and it will be re¬ 
called that the piezo-electric effect can also serve as a source of sound, e.g., 
quartz crystal sonic generators. Sound was generated by an Ultrasonic 
Corporation U-l siren-type generator driven by compressed air. This 
model of generator is now obsolete. 

It was concluded that the laboratory experiments were of little value 
in judging the practicability of commercial sonic agglomeration of 
carbon black, although these experiments did demonstrate the pro¬ 
nounced agglomerating effect of sound at the 150-decibel level. Hence 
it was decided to go to pilot-plant scale in further experimentation. 

Pilot-Plant Setup.f For pilot-plant work, a sonic agglomerating system 

* Experiments on agglomeration of artificial water fog showed that fog agglomerated 
more readily than carbon-black smoke under comparable conditions. Theory indicates 
that water fog mixed with the smoke would greatly assist the agglomeration of the 
latter. 

t W. L. Loving and N. D. Steele, of Cabot Carbon Company, Pampa, Texas, were 
in charge of the pilot-plant work. Ultrasonic Corporation, Cambridge, Massachusetts, 





Figure 10. Pilot-plant installation (general equipment) for sonic 
agglomeration experiments. 


commercial apparatus is evident. The rated capacity of the pilot-plant 
Cottrell-cyclone system is 3500 cfm at flow conditions, although this 
rated capacity has very little significance since it must necessarily be 
based on some arbitrary degree of collection of a certain type of black 

collaborated in making the pilot-plant tests, furnished the sound generators and 
designed auxiliary equipment. The help of Harold Danser and Ernest P. Neumann 
and of Caperton B. Horsley (now with Sonic Research Corporation, Boston, Massa¬ 
chusetts) is especially appreciated. 
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at a specified range of inlet grain loadings.* Suffice it to say that the 
rated-capacity figure reflects the flow rates (contact times) and grain 
loadings encountered in commercial precipitators on furnace black. Since 
the smoke passed in series through the sound chamber and the Cottrell, 
it was possible to test one or the other or the two in series for 
agglomerating the smoke produced under any given set of furnace 
conditions. 

Fine furnace-blacks were made in the furnace, using commercial 
burners and commercial fuel-air ratios, so that the smoke formed was 
accurately representative of commercial conditions. The primary-particle 



Figure 11. A commercial Cottrell-cydone collection system of 50,000-cfm rated capacity. 


size and gram loading of the carbon-black smoke could be varied more 
or ess independently over a rather limited range by varying the degree 
o oil-enrichment of the natural gas serving as the primary fuel The 
smoke temperature could be adjusted by water sprays in the cooling 
tower down to about 100°F above the dew point. Lower temperatures 
caused condensation difficulties in the agglomeration and collection sys- 

r ,o™/ ate ° f * m ° ke ddive 7 t0 the sound chamber was about 1000 
to 1200 cfm at chamber conditions. 

The sound generator was the Ultrasonic Corporation U-2, driven by 

a turbine powered with high-pressure natural gas. Natural gas was used 

of semi -reinforcing 1 furnace black° at Pflow <rf SSOOrfm SwS? PCr CCnt ° r more 

S5&£ ,0ading f ° r thiS type 0f black is iSMSJT. H2: 




C. A. STOKES 


421 


as the rotor fluid in amounts averaging about 1000 cfm measured at 
14.7 psia and 60°F. Thus the dilution of the smoke by the rotor gas 
was about 1 to 1, which presented a serious disadvantage to obtaining 
data truly representative of expected large-scale commercial conditions 
(volume-flow rates of 20,000 to 65,000 cfm at 450°F and atmospheric 
pressure are common on a commercial scale). The smoke entered the 
sound chamber near the top and left near the bottom. The sound gen¬ 
erator was mounted at the top of the chamber (Figure 12). Very little 
black collected in the sound chamber. Most of the agglomerated black 
was swept along with the gas stream and collected in the two cyclones. 
It was interesting to observe that no carbon collected on the walls of 


Figure 12. Sonic agglomeration 
chamber. 



the chamber, as was expected. Apparently the vibration kept the sur¬ 
face clean. Grain-loading tests by Research Corporation method were 
made at agglomerator inlet and stack outlet on most runs. The total 
black collected in sound chamber, precipitator, and cyclones was ac¬ 
curately weighed on each run. Collection efficiency could be calculated 
either from the stack loss or from the difference between the known 
carbon input to the agglomerator and the black collected. For a given 
set of furnace conditions the carbon yield was accurately known from 
previous experiments. The flows of natural gas, air, and oil to the fur-, 
nace were measured, the gas and air on recording meters and the oil 
by gauging tanks. The water-vapor content of the smoke stream enter¬ 
ing the agglomerator was measured by condensing the water vapor 
down to a given dew point in a metered volume of gas. The water 
collected plus that calculated to be in the saturated gas gave the total 
water content. The rotor gas supply and generator rpm were measured!;; 
The turbine gas supply was not metered, but the inlet pressure wail 
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recorded. A previous calibration gave the relation of gas flow through 
the turbine and rprn as a function of inlet pressure. 

Sound-intensity measurements were made with a microphone when 
no smoke was passing through the chambers; the microphone could 
not be used in the smoke because of the high temperature. The sound- 
intensity measurements were not traverses but measurements of average 
maximum intensity. Later experience in sound measurement has indi¬ 
cated that the overall average intensity corresponding to the average 
maximum readings obtained would have been about 155 decibels, and 
this figure is used with the data in this paper since it is the best 
estimate available. If the intensity could have been measured with 
smoke in the chamber, it would have been found lower than in the 
empty chamber because of the absorption of sound energy in moving 
the aerosol particles. 

Theoretical power input could be calculated as that available from 
expanding turbine and rotor gas reversibly down to the sound-chamber 
pressure (13.2 psi atmospheric pressure). No method has been devised as 
yet to measure the acoustic power output of a siren-type sound generator 
in an enclosed field. Hence there is no way of computing the efficiency 
of conversion to acoustic energy of the total energy input in the system. 
Measurements made in a free field indicated efficiencies for this type 
generator in the range of 10 to 50 per cent, depending upon operating 
conditions and design. The agglomerated and unagglomerated smoke 
were sampled during one run so that photomicrographs could be made. 

Summing up the significance of the measurements that could be 
made with the pilot-plant apparatus: Carbon-black smokes of a limited 
range of primary-particle size and grain loading could be subjected to 
sound intensities of not greater than about 155 decibels for a limited 
range of contact times. Dilution of the smoke by rotor gas was about 1 
to 1. The degree of collection of the sonically agglomerated smoke in a 
cyclone system of arbitrary design (not the design for optimum collec¬ 
tion) could be measured, and observation of the smoke itself could be 
made to discover qualitatively the degree of agglomeration. 

Laboratory Data. The most significant laboratory data are summar¬ 
ized in Figure 13. These data show the effects of sound of two different 
intensities on clearing carbon-black smoke. For comparison, a blank 
run was made in which carbon-black smoke was allowed to stand with¬ 
out sound treatment. The curve for agglomeration of water fog is also 
shown in Figure 13. 

An attempt was made in the laboratory experiments to find the 
optimum sound frequency for carbon-black agglomeration, but the re¬ 
sults were inconclusive and the data are not presented here. It was 
estimated from the laboratory data on carbon-black smoke and artificial 
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water fog that the frequency range of 3000 to 4000 cycles/sec would be 
optimum for carbon black. 

The laboratory data served merely to show that sound energy at 
intensities in the range of 145 to 150 decibels and at frequencies of 
the order of 3000 cycles had a pronounced agglomerating effect on 
carbon-black smoke that had been dehumidified and cooled to near 
room temperature. Very rough tests gave the disturbing indication that 
smoke which had not been passed through a “Dry Ice” trap for cooling 
and dehumidification would not agglomerate as well as smoke that 
had been so treated, but the practical significance of this difference 
could not be judged. 



Figure 13. Transmitted light intensity versus time (measure¬ 
ment of dispersion in test chamber), showing the effects of 
sound of two different intensities on clearing carbon-black 
smoke. (The curve for agglomeration of water fog is also shown.) 

Pilot Plant Results. Because of the pioneering nature of the work, 
the experimental setup as well as the data obtained were both inade¬ 
quate for application to commercial design. Many of the variables 
could be measured only with limited precision. Grain-loading tests 
were particularly tedious and limited in precision. Some of the variables 
could not be measured at all; for example, the efficiency of conversion 
of the energy in compressed natural gas to sound energy. On the other 
hand, such trends as could be observed can be relied upon beyond all 
reasonable doubt, since enough data were obtained to give consistent 
and reasonable curves. Because the quantitative data are of limited preci¬ 
sion and extent, it is felt that graphical presentation of the data is 
adequate. The detailed data would require space that can be used to 
better advantage for discussion. 
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Figure 14 shows a series of runs made to determine the optimum 
sound frequency for carbon-black agglomeration. While these data sub¬ 
stantiate the laboratory data in showing an optimum frequency in the 
range of 3000 to 5000 cycles/sec, it is believed that the frequency effect 

g FINE FURNACE BLACK, 92 SCALE, 2CR/FT 3 



Figure 14. Carbon-black recovery versus frequency, for fine fur¬ 
nace-black at a sound intensity of approximately 155 decibels. 



is complicated by the characteristics of the sound generator. The op¬ 
timum frequency may be as much due to the higher efficiency and higher 
sound intensity of the generator at certain frequencies as to the existence 
of a true optimum frequency range for agglomeration in the ranges 
studied. 

Figure 15 shows the best of the basic data on collection of a given type 
of carbon black versus grain-loading and contact time, frequency and 
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intensity remaining constant. These data could be roughly verified by 
an experienced observer looking at the stack, and this verification served 
as a check against gross errors in collection-efficiency measurements. 

An interesting observation was made by quickly dipping a glass slide 
into the smoke entering the sound chamber and comparing this slide 
at a magnification of 100 with one obtained in a similar manner on the 
agglomerated smoke at the sound-chamber outlet. The change in degree 
of agglomeration is very striking. In the agglomerated smoke the small 
agglomerates have been almost completely eliminated. The method of 



Figure 16. Collection characteristics for 3500-cfm pilot-plant 
Cottrell-cyclone system. 

sampling is open to some question in that the larger agglomerates would 
be caught more easily than the smaller ones. However, in view of the 
relatively low velocity of the smoke and the rapid insertion and removal 
(in 2 or 3 sec) of the slide normal to the smoke flow, it would seem that 
a representative sample would be obtained. The slides were examined 
carefully over the entire area of deposited smoke to get a representative 
field for photographing. 

No mechanical difficulties of any consequence were experienced with 
the sound generator, but no extended runs (over about eight hours) 
were made. The noise level was not great and no strong complaints 
were voiced by the operators. The high-pitched whine seemed to have a 
slightly annoying psychological effect. The chamber was not insulated 
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or otherwise specially equipped to cut down the intensity of the escap¬ 
ing sound. 

Comparison Between Sonic and Cottrell Collection Systems. After the 
sonic-collection work was completed, a Pangborn leaf-type bag filter with 
asbestos bags was installed in the furnace-black pilot plant used for 
the sonic tests. This bag filter was used in a large number of subsequent 
runs to measure the efficiency of the Cottrell-cyclone system when mak¬ 
ing blacks of the same type as used for the sonic-agglomeration study. 



P . hotomJ f r ®9 ra Pj* of agglomerates of fine furnace black of primary particle size 
0.04 to 0.05 micron. Left: Before sonic agglomeration; Right: After sonic agglomeration. (lOOx) 


The bag filter gave substantially complete collection of the carbon in 
the exhaust from the secondary cyclone. Figure 16 shows the collection- 
efficiency data so obtained. The flow rates used in the subsequent runs 
with the bag filter were in the range of 1000 to 2000 cfm at flow condi¬ 
tions,. which overlaps the range of the sonic experiments. It may be 
explained at this point that in practically all runs represented in Figure 
16, the inlet grain-loading is lower, the lower the particle size of the 
carbon black. Those points that lie more than about 10 per cent below 
or above die curve, for the most part represent cases in which (1) the 
grain loading is abnormally low or high because of freak conditions, or 
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(2) the flow rate is abnormally high (above 2000 cfm) or low (below 
1000 cfm). 

At the lower and upper limits of the particle-size range covered in 
the sonic experiments, the Cottrell-cyclone system showed collection 
efficiencies of 60 to 80 per cent and 70 to 90 per cent respectively, while 
the sonic experiments covered an efficiency range of 52 to 88 per cent. 
No direct comparisons could be made between the sonic system and 
Cottrell system, as the only factor that could be held constant in operat¬ 
ing the two systems was the use of the same cyclones for collecting 
agglomerates. However, it is fair to say that the sonic system showed 
efficiencies in the same range as the Cottrell system when both were 
operated over the same ranges of flow, particle size, and grain loading. 
The range of collection efficiencies for the sonic system lies somewhat 
lower because of the excessive dilution from rotor gas. Most of the sonic 
runs were in the lower grain-loading range (li/ 2 to 2y 2 grains/cu ft) and 
higher flow ranges (2000 cfm), w T hile most of the Cottrell runs w T ere in 
the higher (2]/ 2 or greater) grain-loading, and lower (1000 cfm) flow 
range. It is concluded that, within the limits of the data, the sonic col¬ 
lection system gave performance equivalent to that of the Cottrell system. 

Figure 17 shows a fine particle-size furnace black before (right) and 
after (left) passing through the sound field. The change in state of 
agglomeration is striking. Figure 8(c) shows the same comparison for a 
slightly larger particle-size furnace black before and after passing through 
a commercial (50,000-cfm) Cottrell agglomerator. It happens that this 
commercial grade of black (fine furnace-black. Sterling 99, mean particle 
size about 45 millimicrons) is particularly hard to collect in the con¬ 
ventional Cottrell-cyclone system. The photomicrograph suggests that 
this is partly because of poor agglomeration. Figure 3, (a) and (b), shows 
the greater degree of agglomeration that is obtained with the Cottrell 
agglomerator on still coarser grades of furnace black (about 70 millimi¬ 
crons and 55 millimicrons mean diameter respectively). The photo¬ 
graphic evidence suggests that a suitable photographic technique might 
be developed for study of the effectiveness of sonic versus Cottrell 
agglomeration. This kind of study is now being made under carefully 
controlled laboratory and pilot-plant conditions. 

Commercial Implications. Sonic collection of furnace carbon-black 
could be employed at any time with full assurance of collection efficien¬ 
cies as good as with electrostatic agglomeration systems. The sonic ap¬ 
paratus is simple and dependable. In this respect it is similar to a 
high-speed pump or turbine. The only question yet to be answered is 
the total operating cost and first cost for a given case. Further experi¬ 
mental data and correlations are required to put sonic collection on 
a firm design basis. 
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Conclusions 

(1) Sonic energy at the intensity level of about 155 decibels for 2y 2 
to 5 seconds contact time appears to be at least equivalent, in agglom¬ 
erating effect on fine furnace-black, to a pilot-plant electrostatic precipi¬ 
tator which duplicates commercial precipitator performance and oper¬ 
ates at commercial voltages. 

(2) The effectiveness of sonic agglomeration is a function of the 
product of contact time and sound intensity up to a limiting contact 
time, after which little further agglomeration takes place. Improvement 
in sound generator and chamber design to give higher intensities at no 
sacrifice of energy efficiency may be expected to decrease significantly 
the contact time necessary for a given degree of agglomeration. 

(3) There is no indication that sonic agglomeration, followed by dry 
cyclone collection, will give substantially complete collection of furnace 
carbon black (residual concentration at flow conditions of about 0.05 
grain per cu ft or less). This system accomplishes a degree of collection 
of furnace carbon back comparable to that in a Cottrell dry cyclone 
system and not comparable to that obtained with a bag filter or wet 
scrubber. 

(4) The investment and operating costs of sonic agglomeration of fur¬ 
nace blacks have not yet been determined. The final answer will have 
to be obtained on commercial-scale apparatus or on apparatus which 
consists of a unit identical with the several units of a multi-unit commer¬ 
cial apparatus. Two important efficiencies are involved: the efficiency 
at which shaft energy can be converted into sonic energy at the required 
intensity level; and the efficiency of utilization of sound energy for 
particle agglomeration. These two efficiencies cannot be studied sepa¬ 
rately in a practical commercial system, at least not at the present state 
of our knowledge, because both are closely related to chamber design. 
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Colloidal Clays 

During the last two decades, considerable progress has been made in 
research pertaining to the composition, structure, and colloidal properties 
of clay minerals. 6 - 7 Only recently, however, has it been shown that the 
combination of clay minerals with certain organic compounds forms an 
interesting bridge between the inorganic and organic kingdoms of 
matter. 7 This being the case, it might aid future research to apply some 
of the terminology used in high-molecular organic colloid chemistry to 
investigations pertaining to colloidal clays. 

The basic constituents of all clays are the silicon tetrahedron, the 
magnesium octahedron, and the aluminum octahedron; they are the 
monomers. By condensation polymerization, hydrated silica and the min¬ 
erals brucite and gibbsite, respectively, are formed. Occasionally a co¬ 
polymer of magnesium- and aluminum octadedra is formed, which 
carries in its lattice an unbalanced structure of pronounced net negative 
charge. On copolymerizing by condensation one hydrated silica layer and 
a gibbsite layer, the clay mineral kaolinite is formed. If a brucite layer 
is copolymerized with two hydrated silica polymers, the clay mineral talc 
is formed. Copolymerization of two hydrated silica polymers with a 
hydrated magnesium- and aluminum octahedron copolymer results in 
the clay mineral known as substituted montmorillonite or bentonite. 8 
This clay, having a very unbalanced lattice structure, can also be classi¬ 
fied as a colloidal electrolyte. 17 It is composed of an anion of colloidal 
dimensions with cations adsorbed to it from the dispersion medium or 
by dissociation into the dispersion medium of ions loosely adsorbed in 
its structure. 

The most important and interesting phenomenon exhibited by those 
clay minerals which will, in contact with water, form a colloidal micelle 
is the ion-exchange reaction. This reaction was originally recognized by 
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Thompson in his investigation on soil properties, but the first systematic 
work on the subject was done by Way. 24 

The ultimate clay crystal carries a net negative charge, the result of 
either anion adsorption onto its surface, or an unbalanced crystal lattice. 
Whatever the basic cause may be, one can picture the individual ultimate 
clay particle as a very complex anion. To balance its charge, the particle 
tends to adsorb the necessary number of cations available in its environ¬ 
ment. When such a clay particle is dispersed in water, these cations will 
hydrate and, depending on their valency and degree of hydratability, 
dissociate to a certain distance from the surface of the particle, thereby 
building up a diffuse electric double layer and forming a colloidal 
micelle. One may compare the suspended clay particle with a dissociated 
electrolyte, since the size of one of its ions falls within the colloidal range 
of dimensions. A similar condition exists in the case of soap, where the 
sodium ion, owing to its hydration, will dissociate from the fatty-acid 
ion when the soap is brought into contact with soft water. If hard water 
is used, however, the divalent and less hydrated calcium ions contained 
therein will exchange for the sodium ions and form the far less soluble 
calcium soap. 

By exactly the same mechanism, the counter ions of the clay particle 
can be exchanged with ions from the dispersion medium, if the resulting 
micelle will have less tendency to hydrate and/or carry a lower charge. 6 
This reaction is, of course, more pronounced the more ions of a high 
degree of hydration are present in the clay under investigation. The 
ability to adsorb cations, therefore, depends on the structural configura¬ 
tion of the nucleus of the colloidal-clay micelle. Many of the properties 
of colloidal clays such as plasticity, 9 dry strength, thixotropy, 10 dilatancy, 11 
and rheopexy, 12 could be satisfactorily explained 6 on the basis of this be¬ 
havior. All these theories, however, are founded on the hydrophilic prop¬ 
erties of the surface of the clay micelle and the inorganic ions involved in 
the exchange reactions. 


Organophilic Clays 

The first reactions between bentonites and organic bases were found 
to be principally of the base-exchange type. If bentonite is treated with 
an organic base like amylamine, or diamylamine, the reaction leads to 
partial or complete saturation of the silicate. The less soluble the formed 
silicate complex is, the more possible it is to carrry the reaction to 
saturation. 19 

Another interesting phenomenon based on the reaction between clay 
minerals and amines was reported a few years later. 13 It was found that 
if clay minerals were mixed with aromatic amines, either in dry powdered 
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form or in watery suspension, some very pronounced colors were formed. 
The reaction might be explained as follows. After the amine is brought 
into close contact with the clay particle, it is adsorbed by the available 
unsaturated metal groups on the surface. One of the unshared electrons 
in the nitrogen outer shell is transferred to the crystal structure, setting 
up an unbalanced force field in the amine. This condition provokes 
resonance in the amine and a quinoidal structure is obtained. In the case 
of compounds which exhibit different colors in acidic and basic media, 
the extent of the resonance will be the controlling factor in color. Benzi¬ 
dine in basic media gives a deep blue color, in acid a yellow color, and 
in highly acid solutions no color at all. Preliminary tests indicated that 
the color is determined by the amount of acid salt formed with the amino 
groups. Thus, in basic media no salt formation occurs and the resonance 
goes through the two rings of the biphenyl nucleus, resulting in a deep 
blue. If sufficient acid is added to form salt with one-half the amine 
present, the resonance is restricted to one ring and, since association is 
prevented spatially, the yellow color typical of imine compounds is pro¬ 
duced. More acid forms salt with all of the amino groups, no resonance is 
induced, and a colorless state results. 

It was later found that it is possible to improve the waterproofness, 
the humidity resistance, and electrical properties of bodies composed of 
colloidal crystalline inorganic hydrous oxides, these compounds contain 
structural water, are capable of swelling when brought into contact with 
water to form plastic hydrogels, and exhibit base-exchange properties, 
and their individual crystallites exhibit at least one surface plane in the 
form of a silica sheet having hexagonal voids with an inscribed circle of 
about 2.6 A diameter. 20 This change can be accomplished by contacting 
the above body with a solution of a salt, the cation of which is of such 
size that it cannot enter into the crystal lattice of the hydrous oxide and 
the anion of which contains a chain of from one to six carbon atoms; the 
salt being capable of forming a water-insoluble basic salt upon being 
heated. Suitable cations are those of lead, potassium, barium, and am¬ 
monium; suitable anions are those of the fatty acids containing up to 
six carbon atoms, e.g., formic and acetic. Specific examples of these salts 
or soaps are lead formate, lead acetate, lead methyl ethyl acetate, lead 
trimethyl acetate and lead dimethyl ethyl acetate. 

A subsequent discovery was the replacement of fatty acid anions with 
anions capable of polymerization, acids such as acrylic, methyl acrylic, 
vinyl acetic, vinyl acrylic, and in general, substituted acids of this type. 
Bentonites which have been base-exchanged by such complex ions are 
rendered water-insoluble and nonswelling because the readily-hydrated 
sodium ions have been replaced by less hydratable cations like lead. The 
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water- and humidity-resistance is raised by causing the anions to poly¬ 
merize, thereby giving the surface a highly hydrophobic property. 21 

The next step in this new field was the production of a molding 
powder composed of clay made organophilic by reacting its inorganic 
cation, i.e., sodium, with the salt of a polymerizable olefinic carboxylic 
acid, e.g., lead acrylate. The sodium bentonite may be treated with a 
solution of the lead acrylate so as to substitute a complex lead-acrylate 
cation for the sodium ion of the bentonite by base exchange and the 
resulting bentonite-lead acrylate molecule polymerized to yield a product 
having excellent electrical and mechanical properties which render it 
suitable for use as an insulating material. It appears that in addition to 
the lead-acrylate ion which is introduced into and chemically combined 
with the bentonite by base exchange, additional lead acrylate may be 
simply adsorbed and/or absorbed on the bentonite particles, and that in 
the polymerization this additional lead acrylate becomes chemically com¬ 
bined by polymerization of its acrylic group with those bonded to the 
bentonite. Whether or not free lead acrylate is present in the molding 
mixture, it will be seen that the polymerization results in a homogeneous 
giant molecule containing the bentonite particles, the lead, and the acry¬ 
late groups, all chemically combined and free of interfacial polarization. 

A bonding of polymerizable olefinic carboxylic acid compound to the 
ion-exchange solid signifies a chemical bonding which may be different 
in kind or in degree from that existing between, e.g., sodium and chlorine 
in sodium chloride, but which, on the other hand, is something more 
than the mere mechanical bond without ion exchange, between the con¬ 
stituents of a simple mixture such as heterogeneous systems of organic 
plastics and fillers, e.g., mixtures of asbestos or cellulose fibers, mica or 
quartz particles, or the like, with “Bakelite,” acrylic resins, or the like. 

The differences resulting from such chemical bonding as compared 
with simple mechanical mixture can best be illustrated by comparing 
data on power factors, obtained with molded test pieces composed of, 
e.g., 50 per cent lead clay and 50 per cent lead acrylate, a mechanical 
mixture of nonbase-exchanging ground mica (50 per cent) and lead 
acrylate 50 per cent, and a mixture of 50 per cent ground quartz and 
50 per cent lead acrylate. It will be found that the chemical bonding in 
the case of the lead-clay and lead-acrylate mixture eliminates interfacial 
polarization, typical for the mechanical mixtures. The absence of inter¬ 
facial polarization is responsible for the low power factor as compared 
with those obtained with the other two mixtures. 22 

A systematic study of the products obtained by reacting organic bases, 
specifically amines and their salts, with bentonite also revealed that the 
resulting product is not only hydrophobic but organophilic and capable 
of behaving in organic liquids like the natural clay in water. 
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Primary aliphatic ammonium bentonite complexes were prepared and 
gel volumes determined in nitrobenzene, benzene and isoamyl alcohol. 16 
Figure l, 16 in which gel volume is plotted as a function of the number 
of carbon atoms in the amine chain up to and including eighteen, shows 
that organophilic properties are negligible until an amine chain of ten 
carbon atoms is reached and that twelve carbons are required for maxi¬ 
mum swelling. Further, it is obvious that nitrobenzene, a liquid of high 
dielectric constant, is remarkably higher in solvating ability than benzene 
or isoamyl alcohol. 

By applying a Geiger-counter x-ray spectrometer and using 9.6A as the 
001 or basal-plane spacing of the montmorillonite laminae, a stepwise 



NUMBER OF CARBON ATOMS IN AMINE CHAIN 

Figure 1. Effect of amine chain length on swelling of organic ammonium bentonites 

in organic liquids. 

separation of the flakes was observed as the length of the amine chain 
attached to the clay was increased. These steps were of the order of 4A 
units or approximately the van der Waals* diameter of a methyl group. 
Gieseking 3 and Hendricks, 14 using a similar technique, have pointed 
out that organic molecules attached to montmorillonite through base- 
exchange reaction tend to be attracted more or less in their entirety onto 
the surface of the mineral plates, the noncat ionic portions being held by 
adsorptive forces. Utilizing Hendricks' 15 demonstration that about 80 
per cent of the exchange positions of montmorillonite are on the basal 
plane surfaces, with the remainder on the edges of the flakes, it was com¬ 
puted that the average area per base-exchange position on the basal 
plane surfaces should be of the order of 165A 2 for a clay having a base- 
exchange capacity of ,100 me/100 g. For the relatively simple case of a 
normal primary aliphatic amine reacted with bentonite, the stepwise 
separation of the plates by units of 4A has been taken to indicate that 
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the hydrocarbon chains lie flat along the surface, with the planes of the 
zig-zag chains parallel with the plane of the mineral; and the areas 
covered by such molecules have been calculated and are expressed graph¬ 
ically in Figure 2. 16 

Since the dodecyl complex gave optimum results in three liquids of 
rather diverse types, experiments were carried out with a wide variety of 
liquids. 16 The results suggest that solvation may be low in liquids of 
nonpolar nature, such as the aliphatic and aromatic hydrocarbons. Gen¬ 
erally the gel volume appears to increase with the dielectric constant of 
the liquid, although the correlation is not perfect. A qualitative observa- 

PER CENT “OF BASAL PLANE AREA COVERED BY AMINE 



Figure 2. Effect of amine chain length on montmorillonite basal plane spadngs. 


tion would indicate that the most effective liquids are those which com¬ 
bine highly polar with highly organophilic characteristics, good examples 
being nitrobenzene and benzonitrile. Acetonitrile, relatively ineffective, 
satisfies the polarity requirement but is deficient in organic character; 
on the other hand, toluene, also ineffective, is highly organic in nature 
but not sufficiently polar. 

Since the mixture of toluene with 10 volume per cent of methanol was 
found to be highly effective in solvating octadecylammonium bentonite, 
it was used to check the results plotted in Figure 1, regarding the require¬ 
ments in molecular size of the cation for converting bentonite to the 
organophilic condition. The striking similarity of this curve (Figure 3, 1G 
relating gel volume of amine bentonites to amine chain length) to the 
curve obtained with nitrobenzene confirms the previous finding that 
solvation is negligible until a chain length of ten carbons is reached or 
until approximately half of the clay surface is coated. 
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All the systems tested so far have involved the bentonite salts of single¬ 
chain primary amines of less than sufficient size to coat the mineral plate¬ 
lets completely with a single layer of hydrocarbon chains. Bentonite was 
reacted with quaternary ammonium salts having two long aliphatic 
chains, and gel volumes were found to be generally good in a single 
hydrocarbon liquid system. This result bears out the indications that 
solvation of the complex is a function of its compatibility with the 
molecules of its liquid environment, and suggests that solvation should 
take place to a greater extent as the surface loses its inorganic character 
and becomes more and more like the liquid medium. 
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NUMBER OF CARBON ATOMS IN AMINE CHAIN 

Figure 3. Swelling of organic ammonium bentonites in toluene (90) methanol (10) 

mixture. 

Considering the apparent relationship of surface coverage to the prop¬ 
erty of swelling in organic liquids, a series of dodecyl ammonium bento¬ 
nites were prepared in which the ratio of amine added to bentonite was 
varied over wide limits. Similar series were prepared by the use of octa- 
decyl ammonium acetate and dimethyl dodecyl hexadecyl ammonium 
bromide. Gel volumes were determined in nitrobenzene as illustrated in 
Figure 4. 16 From the general similarity of the curves and the coincidence 
of the gel volume peaks at 100 me/100 g, it is concluded that satisfaction 
of the base-exchange capacity of the clay is an important factor, since on 
the basis of surface coverage alone the dialkyl quaternary compound and 
the octadecyl ammonium compound should achieve optimuin results at 
lower molecular ratios than for the dodecyl compound. These facts lead 
to the conclusion that the degree of solvation depends upon at least 
three factors: (1) the extent of the surface coating of the clay particles by 
organic matter; (2) the degree of saturation of the base-exchange capacity 
of the clay by organic cations; and (3) the nature of the solvating liquid. 
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A phenomenon exhibited by these organophilic clays, which deserves 
special attention both from a scientific and an industrial point of view, 
is thixotropy. So far only one organophilic thixotropic system has been 
reported. 18 Mercaptobenzothiazol, if dispersed in benzene, toluene, nitro¬ 
benzene, or carbontetrachloride, will yield thixotropic gels at concentra¬ 
tions not below ten per cent. Although this is high in comparison to the 
one per cent concentration needed for noticeable thixotropy with or¬ 
ganophilic bentonite, it must be considered that the bentonite particles 
are much smaller and therefore offer a far greater surface area per unit 
volume to the dispersion medium. Even the most recent textbooks on 



milliequivalents cation PER IOO<3 clay 
o Dodecylammonium Bentonite in Nitrobenzene 
o Octodecylommonium « * » 

a Dimethyldodecylhexadecylammomurn Bentonite in Nitrobenzene 

Figure 4. Effect of varying ration of cation to bentonite upon gel 
volume in organic liquids. 

colloid chemistry explain the phenomenon merely by stating that a 
thixotropic condition exists for certain lyophilic systems when the elec- 
trokinetic potential is adjusted at some rather definite position between 
that which renders the system stable and that which causes coagulation, 4 
without even giving an indication that thixotropy might also be the 
result of the interaction of other than electric forces. This is the more 
astounding since the only book devoted exclusively to this colloidal phe¬ 
nomenon contains the following statement: “The discussion has been 
blemished hitherto by a simplification which is really not justified. There 
exist most likely only a few borderline-cases, where an equilibrium be¬ 
tween electrical forces and those of van der Waals is exclusively instru¬ 
mental in the thixotropic behavior of a gel. In by far the most cases 
another factor is highly influential which has been neglected so far: it 
is the influence of hydration, or more generally of solvation. That solva- 
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tion is of paramount importance is shown most forcibly by the fact that 
thixotropic pastes have been made from a fine powder (diameter 0.5 to 
opt) of mercaptobenzothiazol and organic insulating liquids such as ben¬ 
zene, toluene, gasolene, etc. Any influence of electrical properties has to 
be rejected here. Thixotropic behavior is most likely due to a marked 
affinity between the particles and the liquid, causing the formation of 
rather thick layers of liquid around the particles. The latter swell, per¬ 
haps throughout or to a certain extent; the swollen particles interlock, 
while the amount of liquid between them is sufficient to allow a thixo¬ 
tropic behavior, when the orientation of the particles is disturbed by 
shaking.” 2 

Another approach towards converting the hydrophilic clay into a clay 
exhibiting organophilic properties 23 also makes use of the colloid chem¬ 
istry, structure and composition of these colloidal substances. 

Structural analysis of bentonite clays has demonstrated the presence of 
sheets of silicon and oxygen hexagons which are bonded together by a 
hydrated magnesium-aluminum layer. It seems logical that the negative 
charge of the silicate nucleus is concentrated on or near an oxygen atom, 
since oxygen has chemically a much greater affinity for electrons than 
has silicon, magnesium, or aluminum. The chief cause for this negative 
charge is the substitution of magnesium for aluminum. Hence there is 
good reason for assuming that the negative charge is concentrated on the 
oxygen. 

When the naturally-occurring sodium bentonite is dried, the sodium 
ions can penetrate through the voids in the outer silicon oxygen sheet 
and directly satisfy the negative charges. However, if the sodium is re¬ 
placed by base-exchange reaction with a potassium salt, the situation is 
changed. Potassium ions having an apparent diameter of 2.66A, even 
when dry, cannot penetrate the voids in the silicon-oxygen sheet of the 
clay. Hence there is considerable distance between the positive charge 
on the potassium ion and the negative charge in the crystal lattice. It 
seems as if there are two possible explanations of the situation which 
actually exists. Either the potassium ion is held weakly in position by 
the distant charge, or it is possible that the presence of the potassium 
ion partially or wholly distorts the electronic configuration of the clay 
so that the charge is pulled to the surface of the crystal. 

The condition which exists in a potassium bentonite may be analogous 
to an organic potassium salt. In potassium propionate, for example, the 
potassium is joined to an oxygen which is joined to a carbon. Similarly, 
in potassium bentonite, we have a potassium bonded to an oxygen which 
is bonded to a silicon. Knowing that the salts of the potassium pro¬ 
pionate type will react with such esterifying agents as ethyl iodide to 



440 


COLLOID CHEMISTRY 


produce a class of organic compounds known as esters, clay ester could 
be produced by similar esterification of the potassium bentonite. 

The possibility of producing such a material as an allyl clay adds a 
new method for the production of polymerizable clay or clay particles 
which may be copolymerized with other monomers such as styrene. 

The general equation for the esterification reaction is: 

RX + clay M = MX + clay R 

where: R is an organic radical 

X is a halogen 
M is a metallic ion 

The product of this reaction has been arbitrarily classified as a clay ester. 
This may not be a strictly accurate definition, since for the purpose of 
this reaction there is some question as to whether the metallic group on 
the unreacted clay is attached in a manner similar to that in which a 
metallic radical is joined to the salt of an acid, or to that of the metallic 
alcoholate. The former type of bond would upon reaction yield an ester, 
while the latter would yield an ether. Since the acid-salt bond is generally 
more of an ionic bond than the alcoholate bond, and since the clay- 
metal bond is capable of being ionic in water medium, it would seem 
that the product of reaction of an organic halide with a clay containing 
replaceable metallic groups would contain a bond that would more 
closely resemble the ester than the ether linkage. The product was there¬ 
fore defined as a clay ester. 23 


Applications 

The development of organophilic clays by base-exchange reactions, or 
by esterification, can very well be considered as a new bridge between 
inorganic and organic matter. It also offers further proof that colloid 
chemistry is primarily the chemistry of matter characterized by a high 
surface-over-volume ratio and that the reactivity of substances present in 
this state is controlled by the composition of its surface. 

Organophilic clays can be used for all purposes where a great affinity 
to an organic dispersion medium is of importance. Paints, varnishes, 
lubricants and greases exhibiting thixotropic properties can be produced 
by incorporating organophilic clays into the organic dispersion medium. 
In combination with inflammable liquids, organophilic clays can cause 
these products to gel, thus facilitating transportation and storage. Their 
affinity to organic matter facilitates their incorporation into plastics or 
rubber. Besides this, the organophilic clay, if properly selected, can be 
made to combine chemically with the high molecular matrix. If this is 
accomplished, it becomes a part of the final structure of the polymer and 
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not just an inert filler. Just as standard bentonite has been of great value 
in studies of flow in aqueous media, 6 * 7 so organophilic clays can now 
be applied in similar studies which involve the use of organic liquids. 
These examples should suffice to indicate the tremendous potentialities 
of this new development in science and technology. 
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THEORY OF COLLOIDAL BEHAVIOR OF SOILS 


Amar Nath Puri * 

Field Research Station, Bombay, India 


Bas<e-Exchange Phenomenon 

Adsorption of bases by soils was first observed almost simultaneously 
by Way 1 and Thompson 2 around 1850. Both these authors ascribed the 
phenomenon to simple chemical action. Liebig, 3 in 1855, first criticized 
and later 4 confirmed Way's data. He believed that a physical force held 
the bases in capillaries, more or less as water is held in a sponge. Eich- 
horn, 5 in 1858, working with chabazite, contradicted Way's results regard¬ 
ing the order of the replacing power of calcium and sodium. Later on, 
Henneberg and Stohmann 6 confirmed some of Way's conclusions. Peters 7 
showed a relationship between adsorption of bases and concentration of 
the solution and concluded that the former was due to surface attraction 
and was therefore essentially physical in nature. Frank 8 noted that acid 
soils imparted an acid reaction to salt solutions. This observation, later 
confirmed by others, led him to believe that base-adsorption was purely 
a physical matter—i.e., the cation of the salt was adsorbed, leaving the 
anion in solution. 

Heiden 9 observed that the quantity of magnesium adsorbed from 
MgS0 4 was approximately equivalent to the sum of the calcium, potas¬ 
sium, and sodium replaced, and he therefore concluded that the adsorp¬ 
tion phenomenon was mainly chemical. Knop 10 correlated the NH 4 - 
adsorbing power of soil with the amount of fine-grained material present, 
which was also Way's conclusion. Beidermann 11 found this correlation 
good with some soils, but not with others. Pillitz, 12 apparently for the 
first time, introduced the concept of maximum adsorptive power of soils 
leached with different concentrations of NH 4 CI under constant condi¬ 
tions of temperature. He maintained that the function of the added base 
was to neutralize the soil acids. 

* Dr. A. N. Puri is the author of “Soils, Their Physics and Chemistry,” New York, 
Reinhold Publishing Corp., 1949. 
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In 1876, Lemberg 13 showed that crystalline silicates other than zeolites 
also exchange cations w’ith salt solutions. More recently, Vanselow con¬ 
firmed Lemberg's results. 14 In 1878 and 1879, Van Bemmelen published 
two papers 15 in which he showed that the exchange of bases in soils is 
a truly chemical reaction. Thus, he not only joined the chemical school 
of thought, but supported this contention more vigorously than any of 
the previous workers had done. In 1888, however, he revised his views 
radically 16 and advocated the colloidal concept of adsorptive power of 
soils. He recognized the presence of colloidal silicates—iron oxide, silicic 
acid, and organic substances—and considered these hydrogels chiefly 
responsible for adsorption; however, the reaction between zeolites and 
salt solutions was still thought of as chemical by him. 

Following the publication of Van Bemmelen’s papers, there was little 
progress in soil science along theoretical lines until in 1912 interest was 
again revived by Wiegner. 17 It is difficult to obtain a clear picture of 
the theory of soils from the earlier workers; certainly Wiegner's many 
papers on the subject did not indicate whether he believed in physical 
adsorption or ordinary chemical reaction. The next twelve years, from 
1912 to 1925, were marked by the outstanding researches of Gedroiz. 
His numerous papers, originally published in Russian, were translated 
by Waksman, and mimeographed and distributed by the United States 
Department of Agriculture. Gedroiz recognized the importance of the 
specific surface of the solid phase in regulating the energy of adsorption 
and found it difficult to decide whether adsorption (or exchange of bases) 
was purely a physical or chemical reaction, and he therefore favored a 
physicochemical interpretation. His main contention was that “if the 
solid phase is sufficiently finely divided, it is not necessary at all for it to 
go into solution in order for the reaction with a substance in solution 
to take place energetically. But such reactions can take place only on 
the surface of the solid.” 

Mattson, in a series of papers published in Soil Science under the 
general title, “Laws of Soil Colloidal Behavior,” has tried to explain the 
base-exchange phenomenon in terms of acidoid-basoid ratio, i.e., the 
molecular proportions of silicic acid and hydroxides of aluminum and 
iron. In the course of his researches extending over a period of about 
twenty years, he found it necessary to alter his views in several respects. 
He discussed various aspects of soil colloidal behavior such as base ex¬ 
change, Donnan equilibrium, isoelectric point, coagulation, and soil 
formation. However, it is not possible to build up a comprehensive and 
coherent theory of the behavior of soil colloids from his papers. Mattson's 
main thesis was that the inorganic colloidal materials of soil were of the 
nature of isoelectric precipitates; not mere mechanical mixtures of silicic 
acid and hydroxides of aluminum and iron, but chemical compounds 
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resulting from the chemical union of one or more of the acidoid H ions 
and basoid OH ions and the splitting off of water. The acidic behavior 
of the soils was explained on the basis of the residual H ions of the 
silicic acid. Bradfield 18 applied the acidoid concept of Michaelis to soils. 
This view was further elaborated by Hissink, 19 Page, 20 and Puri. 21 They 
compared soil colloidal material to insoluble weak acids. Hence the soil 
could be fully base-saturated only at a high pH value. 

Comparatively recently, the x-ray analyses of various minerals found 
in soils have been cited as evidence that the exchangeable cations are 
attracted to the crystal lattice by its excess of negative charges. Kelley, 22 
Hofmann et a,L, 2Z Marshall, 24 Ross and Hendricks, 25 and others have 
extended this knowledge, particularly regarding the crystal structure of 
clay in relation to base exchange. The importance of the crystalline struc¬ 
ture of soil minerals has caught the imagination of soil chemists to the 
extent that the colloidal state is receding into the background, and 
greater and greater emphasis is being laid on the nature of the exposed 
surfaces. 


Mechanical and Ultramechanical Analyses of Soils 

Side by side with the development of these physicochemical theories, 
the mechanical analysis of soils was gaining popularity. The term, me¬ 
chanical analysis, was first introduced in 1805, although the principles 
and early methods for this type of analysis were known in ancient Greece, 
and sieves were used to separate sands in 1704. However, not until 
the discovery of Stokes' law in 1851 and its application to the me¬ 
chanical analysis of soils in 1867, was any importance attached to these 
determinations. 

The concept of mechanical analysis and its importance in soil studies 
received great impetus from the work of Oden 20 who, in collaboration 
with Fisher, perfected the theory of sedimentation analysis. 27 This 
method, introduced at the same time as the pipette method of mechanical 
analysis, 28 became a standard, routine procedure for soils. Several other 
procedures and apparatus were devised, but it was soon realized that 
most of the newer methods rested on the assumption that the soil sus¬ 
pension prior to analysis represented primary particles. This was far 
from correct, for soil aggregates were found to be notoriously resistant 
to dispersion methods, and in spite of the cooperative work carried out 
under the auspices of the International Society of Soil Science, the prob¬ 
lem remained unsolved and no single method could be recommended to 
disperse completely all types of soils. Thus, even at present, various 
laboratories have adopted different methods of dispersion to suit their 
individual requirements. 
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There was another aspect of mechanical analysis around which a good 
deal of controversy raged in soil literature, namely the limiting size of 
the various fractions obtained on analysis. This was particularly impor¬ 
tant in fixing the exact size of what is known as the clay fraction. The 
average diameter of the clay fraction has been arbitrarily fixed at 
0.005 mm (American), 0.001 mm (English), and 0.002 mm (Atterberg). 
The Atterberg size has been recommended for international adoption. 
It is evident that even the smallest diameter of clay particles is much too 
coarse as compared with the size attributed to colloidal particles. Besides, 
since the specific surface (surface area per unit mass of the particles) is 
given by the formula: 

SS = 0.022642 p/D 

where p is the percentage by weight of particles of mean diameter D, the 
magnitude of this value is profoundly affected by the size of the lower 
limit of analysis. For instance, a simple calculation will show that if the 
mechanical analysis of a soil is stopped at 0.001-mm diameter, for par¬ 
ticles which might easily represent aggregates of particles of 0.00001-mm 
diameter, our calculated value of specific surface would be only one per 
cent of the true value. 

It is inconceivable that natural forces of weathering should have 
abruptly stopped at 0.001-mm particles; therefore the existence of par¬ 
ticles of smaller dimensions, or ultraclay, is only a logical deduction from 
the nature of the size-distribution curves of soils. Curiously enough, no 
serious attempt was made to determine the size-distribution of soils in 
the region of ultraclay until Marshall 28 devised a centrifugal technique, 
in which a thin layer of the soil suspension from which all the coarser 
particles had been removed was put on top of a thick layer of a denser 
liquid, such as sugar or urea solution. Under these conditions, according 
to Marshall, the soil particles reaching the bottom of the tube between 
any two given periods of time all lay within the two limits of diameter 
calculated from Stokes* law. Marshall, however, did not report the ultra¬ 
mechanical analysis of an appreciable number of soils. 

The simplicity of gravity sedimentation and the application of the 
pipette method to the ultramechanical analysis of soils, although pointed 
out by Robinson as early as 1922, 29 was never seriously considered until 
1941, when Puri and Puri 30 devised a micropipette technique which they 
compared with that of Marshall, as well as with the ordinary pipette 
method, and showed general agreement. When dealing with ultraclay 
particles it is more convenient to plot the negative indices of the diam¬ 
eters, in centimeters, against the summation percentages. These values 
are conveniently representd by the symbol p D. The advantage of this 
mode of representation has been discussed by Puri. 31 
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One of the greatest obstacles in the way of the development of a com¬ 
prehensive theory of soils has been the lack of knowledge of ultra¬ 
mechanical analysis. Since there was no method of verifying the extent 
of the total surface presented by the soil, all correlations of adsorptive 
capacity with clay content were of empirical nature and were disproved 
or discarded in the course of time. Thus, the controversy as to whether 
adsorption of bases by soils is a chemical or physical phenomenon still 
goes on, and no comprehensive theory of the colloidal behavior of soils 
has resulted from these discussions. 


Moisture Adsorption of Soils 

Agricultural chemists were concerned with another aspect of the soil 
besides mechanical analysis and physicochemical properties, namely, the 
adsorption of moisture. The majority of investigators of soil moisture 
concerned themselves with its distribution and movement in the liquid 
state; its adsorption from the vapor phase received very little attention 
until a much later stage. 32-34 Whereas in studies of movement and dis¬ 
tribution of water the total interstitial space is operative, the vapor pres¬ 
sure of soils at different moisture contents is very largely controlled by 
the minute pores associated with ultraclay; the larger voids have com¬ 
paratively little influence. 

Since water is one of the most important factors for the growth of 
crops, attempts were made in the early days to find easily determined 
equilibrium points that would define the power of the soil to hold water. 
Thus such empirical determinations as normal moisture capacity, field 
capacity, sticky point, liquid limit, plastic limit, minimum water of 
saturation, moisture equivalent, wilting coefficient, and hygroscopic co¬ 
efficient all enjoyed their due share of popularity. 

In recent years there has been a tendency to abandon the so-called 
divisions of water. It is tacitly assumed that all water is held by the 
same capillary force, the magnitude of which depends on the size of the 
pores. Thus Schofield has expressed the moisture content of soils in terms 
of free-energy relationship. 35 If we suppose that water is held by soil 
against a suction force tending to displace it, the free energy can be ex¬ 
pressed in terms of the height, in centimeters, of the equivalent water 
column. In order to deal conveniently with the whole range of suction, 
use is made of the logarithm of this height. By analogy with Sorensen's 
logarithmic acidity scale, the symbol p F has been used to express the 
magnitude of the suction force (F being the recognized symbol for free 
energy). Following this line of thought, Puri has shown that pF is nu¬ 
merically equal to pD, which as mentioned before is the negative index 
of the diameter of particles, in centimeters. 31 The extension of this rela- 
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tionship in the region of ultraclay has been made possible by the follow¬ 
ing formula given by Schofield: 

p F = 6.5 + logio (2 — logic h) 

where h is the relative humidity with which the soil is in equilibrium. 
A simple calculation with the help of this formula, coupled with the fact 
that p F is numerically equal to p D, will show that particles of 0.001-ram 
diameter have interstitial capillaries which could only adsorb water from 
an atmosphere of relative humidity not less than 99.5 per cent. Thus, 
conventional clay which marks the lower limit of ordinary mechanical 
analysis would cease to interest us as regards moisture adsorption. How¬ 
ever, the existence of particles smaller than 0.001 mm is proved not only 
by the fact that soils can adsorb moisture from humidities as low as 
10 per cent, but as pointed out before, the presence of these particles can 
be demonstrated by extending the mechanical analysis of soils to the 
region of ultraclay. 

Theory of Soil Colloidal Behavior 

Base exchange, mechanical analysis, and moisture adsorption are the 
three main topics of soil science about which there was much contro¬ 
versial discussion in the literature. With the knowledge of ultramechan¬ 
ical analysis of soils, we can now present the theory of soil colloidal 
behavior which links up the above three major phases of soil science and 
offers a rational explanation for all the complex phenomena associated 
with soils. 

The basic constituents of inorganic soils are ferroaluminosilicates 
which, if molecularly dispersed, would behave like any soluble acid. The 
acidic hydrogen of the primary silicic acid combines but feebly with the 
hydroxides of iron and aluminum, so that qualitatively the product is no 
different from pure silicic acid. If anything, its hydrogen-ion activity is 
slightly enhanced thereby. Thus, if we take a soil from anywhere in the 
world and remove from it all the extraneous materials, like salts, by 
leaching with dilute hydrochloric acid, it will behave in every way like 
an acid. No matter what the nature of the original soil, every soil so 
treated behaves like any other soil qualitatively, namely, it is a water- 
insoluble acid like other water-insoluble acids such as stearic, uric, or 
myristic acids. 

An acid, according to the classic definition, is a substance which con¬ 
tains hydrogen replaceable by a metal. This hydrogen is not adsorbed 
or held in any other way, but constitutes an integral part of its molecular 
make-up. The definition of an acid makes no distinction between soluble 
and insoluble acids. As is well known, a number of acids like stearic, uric. 
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or silicic acid are insoluble in water. However, these insoluble acids can 
be dispersed in water to such an extent that they can be titrated with an 
alkali exactly like any water-soluble acid. 36 The distinction between a 
soluble and an insoluble acid, therefore, is purely arbitrary and the 
acidic hydrogen, whether in molecular state or constituting the surface 
of a solid, behaves exactly the same. 

If the molecules constituting the surface of a solid are designated as 
its “active mass,” every substance in contact with water would tend to 
behave chemically like a true solution to the extent of its active mass. 
For instance, if one gram of a substance containing 10 per cent active 
mass is suspended in 100 cc of water, it will be equivalent to a true 
solution of 0.1 per cent concentration. Every solid is “dead” chemically. 
As it is broken down to smaller mits, or rolled into thin plates, or drawn 
into a wire, so that fresh surfaces are exposed, its active mass increases 
and ultimately becomes 100 per cent when the solid is reduced to mole¬ 
cules, monomolecular films, or filaments. The important consideration 
is that the “exposed” molecules of every substance are “live” and active 
chemically and physicochemically, and enter into chemical reactions 
characteristic of those molecules exactly as if they were in solution. 

As pointed out elsewhere, specific surface of soils can be determined 
from ultramechanical analyses, assuming a spherical shape for the par¬ 
ticles and an “equivalent diameter” in accordance with Stokes' law. 37 
Specific surface can also be determined from the vapor-pressure curve of 
the soil, by means of the formula previously noted. 38 

p D = pF X 6.5 + log w (2 logio h) 

Thus, we have two independent methods of finding the specific surface 
of soils. If the average diameter of ferroaluminosilicates is assumed to be 
equal to 8A, we can calculate from the specific surface of the soil its 
active mass, assuming a uniform distribution of the molecules on its 
surface. This calculated value can be compared with the base equivalent 
of the soil, determined from its titration curve. 39 In Table 1 a com¬ 
parison of these values for a number of soils is given by way of illustra¬ 
tion. These values have been selected at random from a larger collection 
which included soils of practically all types. 

Objections may be raised to the assumption that the particles are 
spherical. A uniform diameter of the ferroaluminosilicates is also prob¬ 
lematical, nor can the same equivalent weight be assumed for every unit 
active mass of silicates of diverse origin. Nevertheless, the values axe 
sufficiently close to justify the belief that natural forces of weathering 
have produced, on the average, somewhat of a similar effect during the 
disintegration of parent rocks. A better correlation may be expected 
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within a group of soils of the same mineralogical composition. When all 
soils are lumped together, a better agreement cannot be expected. 

The following additional evidence, based on the examination of a 
number of soils, further supports the contention that the colloidal chemis¬ 
try of soils is the chemistry of acids and bases, that the soil-water system is 
in effect a “soil solution/’ and that every soil suspension behaves like a 
true solution of an acid or its salt to the extent of its active mass or 
exposed molecules constituting the total surface of the particles. 


Table 1. Specific Surface of Soils, Obtained from 
Determined ( S ) and Calculated (S') Results of 
Ultramechanical Analysis, and from Other Data 


Specific Surface (sq m/gna) Base Equivalent (m. e./gm) 


P.C. 

S 

S’ 

B 

B ' 

2 

151 

238 

97.8 

108.8 

3 

194 

233 

106.8 

122.0 

4 

16 

28 

11.0 

12.6 

5 

16 

18 

8.5 

21.1 

6 

67 

49 

29.0 

23.6 

8 

J02 

72 

43.5 

39.2 

9 

38 

37 

18.8 

15.4 

10 

110 

98 

52.0 

39.6 

11 

111 

108 

54.8 

52.0 

12 

22 

12 

8.5 

9.8 

13 

180 

206 

96.5 

80.0 

14 

81 

40 

30.2 

48.0 

16 

7 

9 

4.0 

11.4 

17 

30 

15 

11.2 

13.0 

18 

20 

34 

13.5 

19.8 


S — specific surface obtained from determined ultramechanical analysis 
S' = specific surface calculated from the vapor pressure curve 
B = base equivalent calculated from the mean of S and S' 

B r = base equivalent determined by titration 


(1) Every soil, to the extent of its active mass, can be titrated with any 
alkali, leading to a well-defined titration curve which can be repro¬ 
duced backward and forward at will. 39 - 41 

(2) It can decompose carbonates with the evolution of C0 2 , the de¬ 
composition proceeding quantitatively in stoichiometric propor¬ 
tion to the active mass. 42 

(3) It can decompose sulfides with the evolution of H 2 S quantitatively 
and stoichiometrically (Ref. 38, loc. cit and Part I, Chap. 5). 

(4) It can hydrolyze esters and bring about the inversion of sucrose 
strictly in accordance with the catalytic activity of its hydrogen 
ions. 48 

(5) Heat of neutralization of soil acidoids follows the same pattern as 
that of ordinary soluble acids (Ref. 38, loc. cit., and Part I, Chap. 8). 

(6) Action of neutral or hydrolyzed salts can be interpreted fairly 
accurately on the basis of distribution of a base between two acids 
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of unequal strength, in which the active mass of the insoluble 
acidoid behaves exactly like a soluble acid. 44 

(7) Decomposition of soils by electric current into acidoid and hy¬ 
droxide of the cation proceeds exactly like the electrolysis of com¬ 
mon soluble salts. 45 ' 46 

(8) Neutralization of soil acidoid by two different bases, one after the 
other, leads to the same equilibrium condition, whichever base is 
added first. 47 

(9) When neutralized with alkalies, every soil acidoid gives stable 
saloids which are similar for the same saloid of all soils, without 
exception. For instance, sodium saloids of all soils are completely 
dispersed at pH 11 on coming in contact with water, without any 
shaking. On the other hand, calcium saloids of all soils cannot be 
dispersed in water unless violent disruptive forces are used to break 
the compound particles into primary units; even then the disper¬ 
sion does not extend beyond particles of 0.001-mm diameter. 48 

(10) Calcium saloids of soil acidoids in water suspension can be pre¬ 
cipitated quantitatively with a carbonate, 49 or an oxalate, 50 strictly 
in accordance with the standard procedure for the precipitation of 
soluble calcium salts in analytical chemistry. 

(11) Magnesium saloids of soil acidoids in water suspension are quanti¬ 
tatively precipitated as phosphate only in the presence of ammonia, 
as in the standard procedure of analytical chemistry for the estima¬ 
tion of soluble magnesium as pyrophosphate (Ref. 38, loc . cit ., and 
Part I, Chap. 21). 

These facts lead us to the conclusion that all natural soils are mixtures 
of saloids of soil acidoid, representing single points on their titration 
curves, which determine the stage to which they are neutralized. Since 
they are the saloids of a weak acidoid and comparatively strong bases, 
they are easily hydrolyzed on coming in contact with water. The extent 
of this hydrolysis must obviously depend on the state of neutralization, 
which determines the prevailing reaction. Therefore, all natural soils 
tend to come to a state of equilibrium governed by the quantity of rain¬ 
fall in that region, and the extent of leaching that follows thereby. Thus, 
the higher the rainfall in any locality, the lower the prevailing pH value 
of the soils of the place. Acid soils are, therefore, characteristic of humid 
regions, and alkali soils, of areas devoid of rainfall. 


Plant Growth and Nutrition in Soils 

Since all chemical reactions characteristic of soluble acids can be repro¬ 
duced quantitatively with every soil, which at any time represents an 
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acid-base equilibriu m point on its titration curve, and since the soil- 
water system is in effect a homogeneous two-dimensional soil solution, 
plants must grow in soils as they do in nutrient solutions. The mech¬ 
anism of food intake by the roots is probably even more efficient for the 
adsorption of nutrient materials from the soil than from the salts in 
solution. Note, for instance, the observation of Stout and co-workers on 
the use of radioactive tracers in plant nutrition studies. 51 They found 
that when the inert cations in the adsorbed state in suspensions of clay 
were placed in contact with the roots, much greater releases of phos¬ 
phorus 42 were noted than for the ordinary salt. Again, Nelson and co¬ 
workers, 52 using radioactive tracer technique, have shown that native phos¬ 
phates in soils are better utilized by crops than the added soluble 
phosphates. They concluded that it is only in the absence of native 
phosphates that plants show the highest intake of phosphates applied as 
fertilizer. 

A correct appreciation of the mechanism of plant nutrition is of the 
highest importance in agriculture and food production. If the soil-water 
system is in effect a “soil solution” subject to the well-known laws of 
acid-base equilibrium, then it will not be long before we learn how to 
utilize the nutrient materials locked up in the soil itself. However, basic 
concepts must be clarified before progress can be made. Results of the 
highest practical value can only result when the fundamentals of soil 
science have been firmly established, and it is towards this objective that 
the present paper is directed. 
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COLLOID ASPECTS OF OIL-WELL 
TREATMENT 
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Various colloidal phases of the petroleum industry have been covered 
in the previous volumes of this series of “Colloid Chemistry.” Among 
the different subjects which have been discussed are: petroleum, 42 * 55 » 103 
petroleum emulsions, 55 * 10 °* 10S * 107 refining, 55 * 103 * 107 lubricating, 12 * 103 » 107 
and drilling fluids. 70 - 107 This paper will discuss the colloidal aspects of 
the so-called “down-hole” chemical treatment of oil and gas wells, that 
is, the placement of chemicals into the well when it is about to be or has 
been put on production. 


Acidizing 

The greatest use of chemicals in the down-hole treatment of oil and 
gas wells is the addition of hydrochloric acid to the oil- or gas-bearing 
zones of the wells to increase the permeability of the formation and 
thereby increase production. 114 This has developed into an important 
use of hydrochloric acid, in fact, in one three-month period in 1940, 
a total of 1,538,500 gallons of acid were used for acidizing of the Monroe 
Gas Field in Northeast Louisiana. 137 Many wells are producing from 
limestone and dolomite formations 20 * 28 * 37 - 30 * 81 * 122 * 126 * 131 which are sol¬ 
uble in acid. Other wells are in sand formations, and these can be acidized 
with a mixture of hydrochloric and hydrofluoric acids. 19 * 41 * 82 * 102 

Before the acid contacts the formation to be acidized, it must be de¬ 
livered to the well in steel equipment and then displaced down the 
tubing or occasionally down the casing to the bottom of the well. Since, 
in these operations, the steel equipment is in contact with the acid solu¬ 
tion, it is necessary that an inhibitor be used to protect the steel from 
acid attack. 

Inhibitors. In order to understand the theories as to how inhibitors 
function, it is necessary to examine the complexities of a steel surface. 
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A steel surface is composed of cathodic and anodic areas. The cathodes 
are at the points of the crystal boundaries, the slag inclusions, and the 
location of other impurities, whereas the anodes are the exposed iron 
surfaces. When acid attacks steel, iron is dissolved at the anodes as ferrous 
ions and hydrogen is formed at the cathodes. 

The inhibitors function by decreasing the formation of hydrogen at 
the cathodes, which reduces the amount of iron dissolved by the acid. 
This is accomplished by one of two means, depending upon which of 
the two types of inhibitor is being used. The two different kinds of 
inhibitors employed in the hydrochloric acid for oil-field acidizing are 
the inorganic and organic types. The inorganic inhibitors, of which 
arsenic is the best example, protects the steel surface from acid attack by 
plating onto the cathodic areas, forming a new metallic cathode. This 
new cathode has a higher overvoltage toward hydrogen than the original 
surface, which brings about a reduction in the evolution of hydrogen. 31 

The organic inhibitors are usually nitrogen or sulfur compounds such 
as the amines, the nitrogen-ring compounds, and the nitrogen-sulfur com¬ 
pounds, the thioureas. These materials are adsorbed on the cathodic areas 
of the metal, which increases the hydrogen overvoltage. 20 * 70 * 91 * 92> ° 3 * 104 ’ 121 
This adsorbed film of the inhibitor acts as an interfacial resistance, at 
the cathodic areas, to the evolution of hydrogen. The latest work re¬ 
ported 11 on inhibitors seems to indicate that the adsorbed film does not 
give mechanical protection, also that the ohmic overvoltage of the film 
is negligible, but inhibitors seem to give an increase in the hydrogen- 
activation overpotential. 

Since the inhibitors are adsorbed upon the metal surface from an 
aqueous solution, it is of interest to study this adsorption in terms of 
the efficiency of the inhibitor. The usual procedure in adsorption work is 
to determine the actual amount of a substance adsorbed by a certain 
amount of a solid. In the case of inhibitors it is possible to study ad¬ 
sorption by means of the reduction in the acid attack upon the metal as 
brought about by the presence of an inhibitor. 

The efficiency of an inhibitor can be measured by the corrosion rate 
of a metal exposed to an acid solution containing the inhibitor. This can 
be expressed as the percentage of inhibition by the use of the following 
equation: 

% Inhibition = X 100 

where R\ - corrosion rate in acid with no inhibitor 

#2 = corrosion rate in acid containing a specific inhibitor 

The efficiency of an inhibitor depends upon the percentage of the 
total cathodic areas which it covers with the adsorbed film. The greater 
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the portion of the cathodic areas covered, the higher the efficiency of 
the inhibitor. The area covered by an inhibitor molecule is the cross- 
sectional area of the molecule as projected onto the metal surface. In a 
homologous series with the same angle of orientation of all the molecules 
to the metal surface, the amount of the cathodic area covered should be 
directly proportional to the amount of the inhibitor adsorbed. Thus, it 
is usually assumed in a homologous series with the same angle of orienta¬ 
tion of the molecules, that the amount of an inhibitor adsorbed is pro¬ 
portional to the efficiency of the material. 

It has been found, 30 in a study of efficiency of a homologous series of 
aliphatic amines, that-Traube’s rule of adsorption holds fairly well. In 
the case of methyl-, ethyl-, and propylamines the rule holds much better 
than for the higher-member compounds. The longer-chain compounds 
seem to be better inhibitors than what normally might be expected from 
Traube’s rule. This has.been explained 30 from the standpoint that the 
longer-chain molecules are inclined to the metal surface more than are 
the shorter ones. 

Since the mechanism by which organic inhibitors function is by 
adsorption upon the metal surface, it would seem that Langmuir’s 
adsorption-isotherm equation 78 would be applicable. The familiar form 
of Langmuir’s equation is: 


„ abC 
X ~ 1 + aC 

where X = amount adsorbed 

C — concentration 
a, b = constants 

This equation can be rearranged into the following form: 

C C i 
X~ b+ab 

Q 

The term can be plotted against C, giving a straight line, with the 

reciprocal of the slope equal to b 9 the amount of maximum adsorption. 

If it is assumed that the amount of adsorption is directly proportional 
to the percentage of inhibition, Ch’iao and Mann 30 have rewritten the 
Langmuir equation in the following form: 

C _ C 1 
I ~ b' + a'b' 

In this equation, I is the percentage of inhibition at the concentration 
C of the inhibitor, and b r is a constant which is the maximum percentage 
of inhibition. 
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It has been found 30 that a straight line is obtained when-j- is plotted 

against C for a number of aliphatic and aromatic amines. The con¬ 
stant b', the reciprocal of the slope, is in the neighborhood of 100. This 
would be expected since b' is the maximum percentage of inhibition. 
A few inhibitors such as dibutylamine and quinoline do not give straight 
lines at low inhibitor concentrations. Here again it seems that the amount 
adsorbed is not directly proportional to the percentage of the cathodic 
areas covered owing to the fact that the cross-sectional projected area of 
the molecules onto the surface varies with the amount adsorbed. Ch’iao 
and Mann 30 have suggested that a critical concentration of the inhibitor 
in the acid solution must be reached before the cross-sectional area of the 
molecules projected onto the surface becomes constant and directly pro¬ 
portional to the amount adsorbed. Below the critical concentration, the 
molecules incline to the surface at different angles and the effective mo¬ 
lecular area is not constant, but decreases with increasing concentration 
of inhibitor. Langmuir’s adsorption-isotherm equation can be applied to 
percentage-inhibition data only when the amount adsorbed is directly 
proportional to the percentage of the cathodic areas covered. 

Recently it has been reported 30 that wetting agents bring about a 
reduction in the rate of corrosion of steel in hydrochloric-acid solutions 
inhibited with various nitrogen bases and thiourea compounds. The 
wetting agents used were of the anionic type and in themselves were not 
corrosion inhibitors, but the combinations of wetting agent and organic 
inhibitors were considerably better than the organic inhibitors alone. 

I able I contains data as reported by Cardwell and Eilers 30 on the effect 
of wetting agents. 


The contact angles and the surface tensions of the 2.5 per cent 
hydrochloric-acid solutions containing the wetting agent and the various 
oigamc inhibitors are not reported in the table. The contact angles 
when the wetting agent was present were always zero regardless of the 

29? to C 99 tOT ’ 3nd thC temi ° nS ° f these soIutions varied from 

29 3 to _9./ dynes per cm. While it is true that the corrosion rates were 

determined at 79.4°C, the surface tensions were measured at the acid-air 
interface at 25°C, and the contact angles were measured at the steel- 
acid-hydrogen interface at 25°C ; it is believed that the information can 
be used quahtativeiy to investigate the effect of the wetting agent 
It will be noted that, in general, the greatest reductions in corrosion 
as brought about by the wetting agent were in the cases of the lowest 
degrees of wetting (the larger contact angles) of the steel by the inhibited 
hydrochloric-acid solutions. With the thiourea and subsdtuted-thiou«a 
compounds where the contact angles are fairly high, 32 to 54°, the de- 
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crease in corrosion rate is about 50 per cent. When the contact angles 
are fairly small, as in the case of the picolines, the improvement is like¬ 
wise smaller. 

The reason for this reduction in corrosion is not known definitely, 
but is believed due, in part, to the fact that in the presence of the 
wetting agent, the hydrogen bubbles have only a very slight contact with 
the metal surface. As a result of this they do not adhere to the metal 


Table 1. Effect of Wetting Agents on Steel Corrosion in Acidizing 

(Corrosion Rates Obtained at 79.4°C, on ASTM At0-39 Mild Steel in 2.5% Hydrochloric 
Acid; Surface Tensions Determined at Acid-Air Interface 25°C, and Contact Angles 
Formed by Hydrogen Bubbles at 25°C, on Steel Surface in Acid Solutions; Wetting Agent 
was a Fatty-Alcohol Sulfate of C 8 -Ci 0 Chain) 


Acid Inhibitor 

Results Without Wetting Agent 

Results With Wetting Agent 

Corrosion Rate 
(Ib/sq ft/day) 

Surface 

Tension 

(dynes/cm) 

Contact 

Angle 0 

Corrosion Rate 
(Ib/sq ft/day) 

Reduction in 
Corrosion (%) 

0.1% Pyridine 

0.528 

67.3 

15 

0.448 

15 

0.1% 2-Picoline 

0.432 

65.6 

19 

0.326 

24 

0.1% 3-Picoline 

0.504 

66.6 

16 

0.398 

21 

0.1% 4-Picoline 

0.519 

68.4 

12 

0.409 

22 

0.1% 2,4-Lutidine 

0.355 

68.6 

35 

0.217 

39 

0.1% 2,6-Lutidine 

0.282 

68.8 

32 

0.163 

42 

0.1% 2,4,6-Collidine 

0.275 

67.3 

36 

0.162 

41 

0.1% Quinoline 

0.268 

64.1 

22 

0.142 

47 

0.1% Quinaldine 

0.184 

65.6 

24 

0.089 

51 

0.1% Lepidine 

0.261 

64.1 

24 

0.137 

48 

0.1% Acridine 

0.231 

67.7 

39 

0.159 

31 

0.05% Thiourea 

0.325 

64.2 

32 

0.165 

49 

0.05% Diethylthiourea 

0.078 

58.6 

48 

0.038 

51 

0.05% Dibutylthiourea 

0.027 

57.0 

54 

0.013 

52 

0.05% Diphenyithiourea 

0.049 

62.1 

43 

0.024 

51 


surface, but escape from it in the form of very fine bubbles. Whereas 
in the absence of a wetting agent, and especially in the cases of the large 
contact angles, the hydrogen bubbles adhere to the metal surface. This 
brings about an increase in corrosion which is of a pitting type. 

Surface-Active Agents. During acidizing of an oil- or gas well the acid 
must penetrate into the small capillary pores of the formation. In order 
to contact the formation the acid must displace the oil from the pore, 
which at times is rather difficult even though many of the formations, 
especially those composed of sand, have a connate water 140 film adjacent 
to the formation, with the oil present in the center of the pore. Surface- 
active agents 27 » 34 > 40 * 45,13 °- 132 are used in the acidizing solutions to help 
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the acid penetrate and contact the formation. It has been found that the 
following benefits are derived from the use of such materials: 

(1) The acid penetrates the formation easier and at lower pressure. 

(2) The acid tends to enter the small pores as well as the large ones 
without excessive channeling. 

(3) The neutralized or “spent” acid returns easier and more completely 
from the formation after treatment. 

(4) There is less tendency for emulsions to be produced between the 
crude oil and the acid or the spent acid. 

Since the formations consist of capillary pores of various sizes, and 
these pores are filled with oil, water, and gas, the surface forces present 
are of extreme importance. While sand and limestone are normally 
hydrophilic, 46 ' 85 there are polar compounds 116 » 136 in crude oil which 
can alter the formation through adsorption 8 * 59 to such an extent that it 
may even become hydrophobic 4 * 9 * 111 in nature. Both acidic and basic 
polar materials such as naphthenic acid and the homologs of quinoline 
and isoquinoline 6 have been found in petroleum. These materials are ad¬ 
sorbed upon the acidic silica surfaces and upon the basic limestone sur¬ 
faces of the formation. Since petroleum varies considerably from oil field 
to oil field as to types and amount of polar materials, there are forma¬ 
tions which have different degrees of wetting by water varying from 
hydrophilic to hydrophobic in nature. 

The surface-active materials used in the acid impart to the solutions 
such properties as low interfacial tensions with oil and small interfacial 
contact angles between the acid, the oil, and the formation. Surface- 
active agents of the anionic and nonionic type are being used for this 
purpose. Such materials enable the acid to penetrate a formation easier 
and at lower pressure than an acid solution which does not contain a 
surface-active agent. Since the acid enters the formation at a lower pres¬ 
sure, there is less tendency for the acid to channel and enter only one 
section of the formation. The surface-active agents also enable the acid 
to penetrate the small pores as well as the large ones. 

It is important during the acidizing process that the acid after it has 
become neutralized or spent be returned to the well in order to prevent 
the blocking of the flow of oil from the formation. There is evidence 
which seems to indicate that the Jamin effect 57 * 58 > 67 -«° retards the return 
of the spent acid, and in fact this effect may also increase the pressure 
required to force acid into a formation. The Jamin effect is brought 
about by the presence of alternate globules of oil and spent acid within 
a capillary pore. This system of alternate globules of oil and spent acid 
is not an emulsion. The globules are fairly large and they touch the sides 
of the pores. In low-pressure wells the Jamin effect may be caused by the 
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liberation of carbon dioxide gas bubbles within the spent acid column 
in the capillary pore. Once the Jamin effect has been established, con¬ 
siderable pressure 132 is required to overcome it. 

When an interface such as that between water and oil is present in a 
capillary, the pressure existing across the interface is given by the formula: 

_ 2tcos0 

P ~ ~TT~ 

where: P = pressure across interface 

y — interfacial tension 
0 = contact angle 
R = radius of capillary 

If a globule of oil is in the capillary which otherwise is filled with 
water, there are formed two interfaces. The pressure across the two inter¬ 
faces is as follows: 

2y A cos 0 A 2y R cos 0 R 

AR ~ Ra Rr 

where: P AK = pressure across the two interfaces 

7a = interfacial tension at the water-advancing interface 
0 A - water-advancing contact angle 
R a = radius of capillary at the water-advancing interface 
y R - interfacial tension at the water-receding interface 
0 /e = water-receding contact angle 
R r = radius of capillary at the water-receding interface 

A variation between y A and y R , d A and 0 R , or R A and R r results in the 
pressure P AR between the two interfaces being a definite value, not equal 
to zero. This gives rise to a resistance to flow of the globule, which is the 
Jamin effect. The greater the number of globules of oil or bubbles of 
air present, the greater is the pressure required to bring about movement 
of the fluid column. 

Surface-active agents help considerably in reducing or preventing the 
Jamin effect by lowering the water-advancing contact angle to approach 
that of the water-receding angle or at times to reduce both contact angles 
to zero. The lowering of the interfacial tensions by surface-active agents 
also reduces the Jamin effect, especially in the case of a gas bubble with 
water on one side and oil on the other. The water-gas surface tension 
can be lowered considerably by surface-active agents, and this surface 
tension will approach that of the oil-gas surface tension. 

The surface-active agents usually used for overcoming the Jamin effect 
during the acidizing process are of the anionic and nonionic types. The 
agents must be stable not only in the acid solution, but also in the spent 
acid solution which is about equivalent to a 20 per cent calcium chloride 
solution. 
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There are many crude oils encountered during acidizing, which will 
readily emulsify hydrochloric acid and spent hydrochloric-acid solutions. 
Even in the case of the spent acid with its high concentration of calcium 
chloride, very stable emulsions are formed. As the acid penetrates into 
the formation and travels through the interconnected pores containing 
capillary columns of oil, there is an excellent opportunity for emulsion 
formation. 

The formation of an emulsion during acidizing brings about an in¬ 
crease in the injection pressure required to force the acid into the forma¬ 
tion, which is very undesirable. In the case of the spent-acid emulsions, 
it is very difficult, if not impossible, to return the acid to the well, and 
even if the spent acid is returned, the emulsion that is obtained is very 
difficult to break. 

Up to the present time all of the emulsions encountered in acidizing 
are of the type of water in oil. This has been rather fortunate in that the 
majority of the emulsifying agents available for use in acid solutions are 
of the type which tend to form oil in water emulsions. Such agents can 
be used to break, or prevent from forming, emulsions of the water-in¬ 
oil type. 

The agent used for the prevention of emulsions must be stable in 
hydrochloric-acid solutions as well as in spent-acid solutions. No one 
agent has been found that can be used satisfactorily in acidizing all of 
the formations in the various oil fields. Thus a number of demulsifying 
agents are being used. Cationic and anionic, as well as nonionic, demul¬ 
sifying agents are being employed for this purpose. 

Care has to be taken in the choice of an agent to be used for the pre¬ 
vention of emulsions, not only from the standpoint of a satisfactory 
stability and emulsion preventive, but also in light of the other agents 
that may be present in the acid solution. Since anionic agents are often 
used in conjunction with the inhibitor and agents of this type are also 
employed to help the acid penetrate into the formation, it is not always 
possible to use cationic demulsifying agents. It is well-known that anionic 
and cationic agents cannot be used together. As more uses for surface- 
active agents are found in the acidizing process, it becomes increasingly 
difficult to find sufficient agents that are compatible with one another. 
For this reason and because they are not adsorbed as much onto the 
formation, more and more nonionic surface-active agents are being used. 


Chemical Plugging 

Next to acidizing, the second most important application of colloidal 
materials for down-hole treatment of oil- and gas wells is in the sub¬ 
stances which are used as agents for sealing or plugging the formation. 
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Among the various applications for colloidal materials for plugging 
agents may be mentioned the following: 

(1) In oil wells it is often necessary to prevent water or gas from enter¬ 
ing the well, and in gas wells water has to be shut off. 

(2) During acidizing of a well it is often desired to prevent the acid 
from entering a porous section. 

Permanent Plugging. The problem of shutting off water and controll¬ 
ing the gas-oil ratio of wells is extremely important from the economics 
of production and from the standpoint of conservation of national re¬ 
sources. Many different chemicals have been used for controlling water 


C. WATER 



Figure 1. Concentrations of sodium silicate, ammonium bicarbonate and 
water required to give gels. 


and gas entering wells. The colloidal precipitates 74>75 produced by the 
brine present in the well and a sodium silicate solution or a sodium car¬ 
bonate solution have been tried, as well as soaps of various kinds, 30 * 50 ‘ 62 ’ 87 
rubber latex, 05 sodium silicate and sodium aluminate, 135 antimony tri¬ 
chloride, 70 silicon tetrachloride, 77 sulfur and aniline, 2 paraffin wax and 
alcohol, 3 cellulose materials, 88 and various metallic oxides. 86 

Other substances which have been used widely were the gels 83 » 117 » 118 
prepared from sodium silicate and ammonium bicarbonate or from 
sodium silicate and sulfuric acid. By careful control of the concentrations 
of these materials 44 as is shown in Figure 1, it is possible to prepare a 
liquid which can be forced into a water section of a formation where, 
after a predetermined length of time the liquid will set to a solid silicic- 
acid gel. The two curves within the shaded area give the concentrations 
of the materials required for the preparation of the gels having 30- and 
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300-minutes setting times. Such gels will prevent water from entering a 
well and considerable success was had using these gels for water control. 

The silicic-acid gel has been replaced recently by liquid phenolic- 
aldehyde resins,“• ® 6 - 84 which while in the liquid state, can be forced into 
the formation where they set to hard solids. 7 - »• 98 - lia - 188 The liquid resins 
used to prevent the encroachment of undesirable water or gas are very 
similar to the casting resins used in the plastic industry. 

The liquid resins prepared from the various phenolic-aldehydes mate¬ 
rials have properties which make them suitable for water and gas control 
work. Among these desirable properties are: liquids of good stability can 
be prepared; the shrinkage of the liquid as it condenses into a solid is 
not appreciable; the specific gravity of the resins are greater than the 
majority of the oil-well brines; the resins are insoluble in crude oil and 
in brines. Liquid resins of sufficiently low viscosities can be prepared, 
which can be forced into the formations. It is possible, by the use of 
catalysts and hardeners, to control the time required for the resins to 
solidify from a few minutes to twenty hours for the range of temperature 
of 50 to 300°F, which range covers the majority of the oil wells. The 
usable temperature range of a liquid resin is about 60 to 100 degrees, 
thus it is necessary to have a series of resins to cover the complete range 
found in oil wells. The liquid resins which are placed in a well must be 
either neutral or alkaline because many formations are limestone and 
dolomite. 

The various resins which have to be used are prepared from different 
mixtures of aldehyde and phenolic materials. The aldehydes usually are 
either formaldehyde or paraformaldehyde. In the case of the phenolic 
materials, various ones are incorporated into the resin in order to give 
it the desired properties. 

The reactivity towards the aldehyde of the phenolic material deter¬ 
mines the temperature range over which the resin can be used. The more 
reactive the phenolic, the lower the temperature at which the resin can be 
employed. The rate of condensation 118 of different phenols with formal¬ 
dehyde decreases in the following order: resorcinol; 3,5-xylenol; m-cresol; 
2,3,5-trimethylphenol; phenol; 3,4-xylenol; 2,5-xylenol; p-cresol; saligenin, 
o-cresol; and 2,6-xylenol. Figure 2 illustrates how different phenolics can 
be used to cover various temperature ranges. 

The molecular weight upon which the viscosity of the resin depends, 
can be controlled by the cooking time and temperature used in the manu¬ 
facturing process. Besides this the cross-linkage of the molecules within 
the resin also plays an important part in the viscosity. The long-chain 
molecules are formed from the materials that have two-reactive positions 
available such as p-cresol, o-cresol, 3,4-xylenol, and 2,5-xylenol. The 
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materials resorcinol, 3,5-xylenol, and m-cresol have three active positions 
which bring about cross-linkage within the resin. 

The solubility of the liquid resins depends to a considerable degree 
on the phenols used. Resorcinol resins are very soluble in brines, and to 
some extent the phenol resins are also, especially when large amounts of 
alkaline catalysts are used. Resins from these materials are not soluble 
in crude oil. The cresols and the xylenols are brine-insoluble and also 
crude oil-insoluble whereas the higher alkylated phenols give oil-soluble 
resins. 



The majority of the phenols when condensed with formaldehyde give 
resins having a specific gravity of 1.2, which is higher than most brines. 
In case of the phenols such as the xylenols and higher alkylated materials 
that do not yield resins of this specific gravity, it usually is possible to 
incorporate one of the chlorophenols to give the desired weight. 

In order to obtain liquid resins that possess all of these required prop¬ 
erties, it is necessary to blend several of the phenols, and at times as 
many as four different phenols have to be used. 

Temporary Plugging. Many wells are encountered in acidizing that 
have a porous zone. Upon acidizing, this section will take all of the acid, 
with the usual result that very little, if any, increase in oil production 
is obtained. Thus, at times it is desirable to plug off this zone to prevent 
the acid from entering it, but at the same time the section can not be 
permanently plugged if additional production is desired from it. The 
procedure in acidizing wells of this type is to precede the acid into the 
well with a plugging agent which blocks off this section to the penetra- 
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tion of acid, but following the acidizing process the material will, in a 
relatively short period of time, decompose and reopen the porous section 
for production. Agents which are used for this purpose are gels of starches 
and proteins 53 to which have been added specific kinds of bacteria. 
These gels can be forced into the porous zone and seal it against the 
entrance of acid. 89 ’ 90 The bacteria, in a predetermined period of time, 
will decompose and liquefy the gel, thus removing the plugging agent 
from the well. 

Formation Consolidation 

Within the last few years liquid resins have been used to consolidate 
incompetent formations. 18 ’ 129 ’ 140 There are many oil fields in which the 
sand grains are either not cemented together or are very weakly cemented 
together. When wells are drilled into such formations and produced, the 
sand moves into the well, bringing about a reduction and at times a 
complete halt to the flow of oil or gas. In rare cases a well may produce 
only a small amount of sand and continue to flow or pump, the sand 
being carried to the surface in the fluid stream. However, in such in¬ 
stances, the sand erodes the tubing and pumping equipment, and in a 
short time this equipment has to be replaced. 

The problem of formation consolidation is somewhat different from 
that discussed earlier concerning the use of liquid resins for sealing off 
undesirable entrance of water and gas into wells. In this case the objec¬ 
tive is to cement the sand grains together, at the same time leaving the 
permeability for the production of oil. 

The resins for consolidating formations are somewhat similar to the 
ones employed for sealing formations, that is, of the phenolic-aldehyde 
type. As in the case of sealing resins, the choice of phenols depends upon 
the temperature at which the resins are to be used, the desired setting 
time of the resins, the viscosity, the specific gravity, and the solubility in 
brines and crude oil. Here again, various phenols are blended to give the 
desired properties to the liquid resin. 

There are two other important properties which must be incorporated 
into these resins in addition to those mentioned above. The first property 
is one of wetting. The resin must preferentially wet the sand grains 
which are covered with either water or oil. The other property is that 
the resins when set to a hard solid must coat the sand grains and seal 
them together, but at the same time must leave permeability within the 
formation. 

In order to make the liquid resins preferentially wet the formations, 
wetting agents are usually used. 139 Wetting agents employed for this 
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purpose are long-chain aliphatic amines, sulfonated higher alcohols, and 
sulfonated naphthenic acids. 

In order for the resins to cement the sand grains together and at the 
same time leave permeability, it is necessary that the resin, while in the 
liquid state, occupy considerably greater volume than the solid which 
is formed upon solidification. This is accomplished by having liquid 
resins of low solid content. By varying the solid content it is possible to 
control the amount of resin left within the formation, 18 which governs 
the permeability. 

When the liquid resin undergoes condensation to form a solid, it is 
important that the resin becomes bonded to the sand grains rather than 



Figure 3. Microphotograph at lOx of unconsolidated sand (/eft) and resin-con¬ 
solidated sand (right). 


merely solidifying within the interstices of the sand. This means that the 
adhesive forces between the solid resin and the sand must be sufficiently 
strong to give a resin a good bond to the sand, and these forces must 
be somewhat greater than the cohesive forces between the molecules of 
the set resin. It is important that this be true because otherwise the resin 
will exist as a hard solid in the interstices between the sand grains. The 
cohesive forces existing between the molecules of solid resin are of 
sufficient magnitude to hold together the sand particles, because once 
the resin has covered and bonded to the sand grains, the grains are held 
together only by the cohesive forces with the set resin. The micrograph 
in Figure 3 illustrates an oil-well sand before and after consolidation 
with resin. 

When these consolidating resins are forced into an incompetent sand 
formation, the resins first saturate the section in the intermediate vicinity 
of the well bore. Following this the resin sets to a gel and then begins 
to shrink onto the sand surface. As a result of this type of shrinkage. 
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the sand grains are cemented together and there is permeability left in 
the consolidated section. 


Water Flooding 

In order to obtain as much oil as possible, more and more fields are 
being water flooded following the primary recovery methods. This sec¬ 
ondary recovery by water flooding has brought about considerable quan¬ 
tities of increased oil production. The colloidal aspects of down-hole 
treatment of secondary recovery water may be divided into the following 
topics: 

(1) The use of brines in place of fresh water. 

(2) The employment of low-pH water. 

(3) The surface plugging of the input wells. 

(4) The use of surface-active agents. 

Use of Brines % Jl^ias been known for some time that brines are 
superior 60 * &Mh water for water flooding. To understand why 

this is true, variofis - ” studies; have been made on the clays found in oil 
wells in order to,det^ftriine the factors that influence the rate at which 
a formation will take v/ater. 

The clays usually found in the oil-bearing formations can be classified 
into three groups, namely, montmorillonite, kaolinite and illite. Three 
related properties 62 of these clays seem to influence the rate at which 
an oil-bearing formation will take up water. These properties are (l)base 
exchange, (2) adsorption and retention of water, and (3) deflocculation 
and flocculation. Clays of the montmorillonite group possess these prop¬ 
erties to a very marked degree, the illite group clays to a somewhat lesser 
degree, and the kaolinites to a much lesser degree. 

The clays as they exist in an oil-bearing formation are swollen to some 
extent and have adsorbed and retained a certain amount of water. Before 
any water has been forced through a formation, the clays therein are in 
contact with the surrounding aqueous conant water media. Base ex¬ 
change has taken place and the ions present in aqueous media are at 
equilibrium 63 with those adsorbed on the clay. Whenever an aqueous 
solution is forced through a formation containing clays, there will be a 
base exchange 5 taking place which will have an effect on the flocculation 
or deflocculation of the clays. A partial flocculation of the clays will 
bring about an increase of the permeability of the formation; thus, the 
formation will take more water. Likewise a deflocculation of the clays 
will decrease the permeability and also the rate at which water can be 
fprced into the formation. 

If a brine having the same constituents in the same concentrations 
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as the substances in the aqueous media surrounding the clay particle, is 
forced through the formation, there will be no change in the swelling 
of the clays. Such a flood water will have no effect upon the clay particles. 
Whenever the flood water contains a higher concentration of magnesium, 
calcium, strontium, barium, and hydrogen ions than is found in the 
media surrounding the clay, then, by means of base exchange some of 
these ions will be taken up by the clay. This will bring about a decrease 
in the swelling of the clay, and thus an increase in the permeability of 
the formation. Likewise, if the flooding water contains a lower concen¬ 
tration of the divalent metals and a higher concentration of sodium and 
potassium than does the water surrounding the clay particle, the clay will 
swell a small amount, resulting in a decrease in the permeability of the 
formation. Thus, brines are better than fresh water for flooding purposes 
because there is less likelihood for a brine to cause the clays to swell." 

Use of Low-pH Water. It is often necessary to use fresh water as the 
flooding fluid and in these cases it has been found desirable to use 
low-pH water. 10 - 90 Since the isoelectric points of the clays are at about 
a pH of 2 to 3, this means that by using fresh water of a pH in this 
neighborhood the clays will be at the state of minimum swelling. Using 
low-pH water, it has been possible to force considerably larger quantities 
of water into the injection well. This usually results in an increase in 
oil production. It is necessary to use corrosion inhibitors along with 
water of this pH in order to protect the steel from acid attack. The 
inhibitors suggested for this purpose are the amine-type wetting agents 14 * 15 
such as the acetate of n-primary octadecylamine, 1-hydroxyethyl 2-hepta- 
decenyl glyoxalidine, and the hydrochloric of an amine from abietic acid 

Surface Plugging. After the water flood projects have been in opera¬ 
tion for a period of time, it is often necessary that the oil-depleted zones 
be blocked off to prevent the input water from by-passing through these 
sections to the output well. Various colloidal materials have been placed 
in such wells to plug selectively the surface of the formation of these 
flooded-out sections. Among the materials which have been suggested 
for this purpose are wax distillates, 128 ' 141 wax emulsions, 141 silica gels, 80 
urea-formaldehyde liquid resins, 80 colloidal clays, 141 metallic oxides, 134 
and colloidal dispersions of solids 109 * 110 * 141 in air or gas, such as dusts 
and smokes of rosin, stearic acid, paraffin, and ammonium chloride. 

The material which seems to have given the best field results is a 
resin known as “Dresinol.” 71 * 94 The dispersion, containing 45 per cent 
solids having an acid number of 80, is stabilized by means of a protective 
colloid. The resin is insoluble in aliphatic hydrocarbons and partially 
soluble in aromatic hydrocarbons. The solid material has an average 
particle size of less than one micron and can be used to surface-plug 



470 


COLLOID CHEMISTRY 


the section of the formation which is taking the greater portion of the 
water. 

Surface-Active Agents. There are many oil fields which do not respond 
too satisfactorily to water flooding. In fact, sometimes even after the 
most effective floods, 25 to 40 per cent of the original oil content is left 
within the formation. From studies of wettability of silica surfaces by 
different crude oils and oil-well brines it has been found that it is not 
uncommon to have an oil which is not displaced by water from silica. 73 
Interfacial contact angles upon silica surface have been reported for eight 
different crude oils and brine solutions. 10 The water-advancing interfacial 
contact angles varied from 77 to 165 degrees, with only one oil giving a 
value less than 90 degrees. This indicates that, of these oils on dry silica 
surfaces, only one will be spontaneously displaced by brine. In order to 
move the other seven oils, some other driving force has to be used, such 
as a hydrostatic head on the water. 

The interfacial receding contact angles for the eight oils and brines 
were all less than 90 degrees and varied from 23 to 50 degrees. This 
hysteresis effect of the contact angle seems to indicate, as has been men¬ 
tioned earlier, that polar materials are being adsorbed onto the silica 
surfaces from the oil, making the solids hydrophobic to the advancing 
water phase. 

In order to improve the wetting of the formations by brines, surface- 
active agents have been tried. It has been found that the addition of 
certain surface-active chemicals to the flood water will increase slightly 
the oil production and at the same time reduce the residual-oil content 
of the formation. Water-soluble 133 as well as oil-soluble surface-active 
agents 17 • 133 have been tried for this purpose. These materials will reduce 
the interfacial tension between oil and water, and also bring about a 
better wetting of the capillary pores of the formation by water. However, 
the use of surface-active agents thus far has not been practical because 
the small increase in oil does not justify the cost of the material. The 
disadvantage of these materials for this purpose is that they become 
adsorbed onto the surface of the formation and the flood water becomes 
depleted of the agent as it passes through the formation. This seems to 
be true even in the case of the nonionic agents. 


Miscellaneous 

There are other applications of colloidal chemicals to down-hole treat¬ 
ment of oil wells, which should be mentioned here although they do not 
involve colloidal chemistry to as great an extent as the materials discussed 
heretofore. 
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In the disposal of oil-well brines back into the earth, sodium septa- 
phosphate, 24 sodium hexametaphosphate 25 and a quebracho-tannin are 
often added to prevent the precipitation ot calcium carbonate, iron 
oxides, 115 * 127 and barium sulfate. 21 * 22 

Many of the fluids produced from wells are corrosive to the steel equip¬ 
ment in the wells. Brines which contain hydrogen sulfide are extremely 
corrosive, and formaldehyde 28> 30 * or, -° 7 is being used as an inhibitor for 
this purpose. In gas-condensate wells, where corrosion may be caused by 
organic and carbonic acids, inhibitors which are semipolar organic com¬ 
pounds 54 * 72 are being employed. 

In wells producing small amounts of oil, the sand capillaries adjacent 
to the well bore often become water-blocked and will not allow the pas¬ 
sage of oil. This usually means that either (1) the Jamin effect is set up 
consisting of globules of oil and water or bubbles of gas and water within 
the capillaries, or (2) the formation becomes blocked by the capillaries 
saturated with water and there is insufficient pressure to force the oil 
through the water-filled pores. The production of such wells will be 
decreased or at times stopped completely. Surface-active agents have been 
used to remove this water block. 3 * 108 The agents are forced into the block, 
where they will become mixed with the troublesome water. This will 
bring about a lowering of the interfacial tension between oil and water, 
allowing the oil to enter the water-blocked capillaries. 

Recently a method of fracturing a formation, known as “hydrafrac,” 32 * 33 
has been used to treat oil wells. The fracturing is accomplished by forcing 
into the formation under high pressure and at considerable velocity an 
oil gel of Napalm soap. Since the gel is viscous and is injected into the 
well at a greater rate than it can penetrate into the formation, a fracture 
is formed. The gel contains suspended sand particles which are forced 
into the fracture to guard against its closing after the pressure has been 
released. In order to prevent the gel from permanently plugging the 
fracture, a small amount of water or a petroleum sulfonate is added to 
the gel prior to injection into the well so as to convert the gel to a sol 
after a predetermined length o£ time. This lowers the viscosity of the 
Napalm fluid, which is returned to the well. 

In the application of cement for sealing the casing and squeezing off 
of water, it has been reported that the addition of a small amount of 
bentonite in the order of 1 to 4 per cent imparts to the cement desirable 
properties 119 * 120 ’ 123 ’ 124 such as: elimination of some of the free water 
caused by settling of cement particles in high-water-ratio neat cement; 
lowering of the permeability of the set cement; increase in the viscosity 
of the slurry; increase in the sealing properties of the slurry, thereby 
preventing some of the formation loss; and production of a set cement 
which is tougher than neat cement. 
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Considerable interest along the research line has been given to the 
idea of making the water-wet producing sand of a well preferentially 
oil-wet. It is believed by many investigators that a preferentially oil-wet 
formation will produce a greater quantity of oil than one preferentially 
water-wet. Many materials have been suggested for this purpose; however 
today very few actual treatments of oil wells have been completd. Among 
the various chemicals suggested are: hydrophobic colloids, 101 asphalt, 47 
fatty acids, 43 polyvalent metal salt of a fatty acid, 49 crude oil-insoluble 
bitumen, 43 quinoline, and other organic heterocyclic polycyclic amines. 1 
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THE FLUID CATALYTIC CRACKING PROCESS 


W. J. Mattox 

Esso Laboratories, Baton Rouge, La, 


The primary purpose of the fluid catalytic cracking process, as with 
other petroleum cracking operations, is to break down high-boiling, high 
molecular-weight hydrocarbons into molecules boiling within the gaso¬ 
line range. The term fluid is applied to this type of cracking because 
the finely divided catalyst is suspended in gas or vapor so that it flows 
through the equipment with flow characteristics resembling a liquid. 
Catalyst circulation is maintained without mechanical means. This 
process, as well as other catalytic cracking processes, has come into exist¬ 
ence because of its ability to produce high yields of high quality gaso¬ 
line. Other widely used modifications of catalytic cracking include the 
Houdry (static-bed) and the Thermofor (moving-bed) processes. The 
fluid process differs from these other catalytic cracking methods by cer¬ 
tain inherent characteristics which will be discussed in the following- 
sections, 17 ' 34 » 35 

While the gasoline yield advantage of catalytic cracking is important, 
the potential conservation of our oil supplies through more efficient fuels 
is of far greater importance. Gasoline produced by the fluid catalytic 
cracking process has a research octane number of about 100 when tetra¬ 
ethyl lead is added. This fuel will meet the requirements of a 10 to 1 
compression ratio engine. In cars having comparable acceleration, hill 
climbing ability, and other performance features, such an engine is cap¬ 
able of giving about SO per cent more miles per gallon than our present 
engines of about 6.6 compression ratio. When used in cars properly 
designed to take advantage of its high quality, the gasoline produced by 
catalytic cracking makes possible a decided saving in fuel consumption. 24 

Historically, the first commercial application of catalytic cracking was 
the Houdry process, in which the catalyst is used in the form of granular 
particles in a fixed bed. Work on the development of fluid catalytic 
cracking started well before World War II, when a process was particu¬ 
larly needed to meet the increased demands for motor gasolines of higher 
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octane number. The Standard Oil Development Company pioneered an 
investigation of the possibilities of using the catalyst as a powder that 
could be carried through the reactor as a suspension in the oil vapor to 
be cracked. The used catalyst could then be passed in a continuous 
operation through a regenerator where the carbonaceous deposit was 
burned off. Further intensive pilot-plant work in equipment varying 
from small laboratory units to a semi-plant scale unit of 100 barrels per 
day feed capacity led, in a comparatively short time, to full commercial 
application. The first commercial plant was designed by the Standard 
Oil Development Company and was placed in operation at the Baton 
Rouge refinery of the Standard Oil Company of Louisiana (now Lou¬ 
isiana Division of Esso Standard Oil Company) in the early part of 

1942 , 23 , 26 , 28 

The large-scale development and adoption of this catalytic process is 
one of the most impressive and dramatic achievements of the refining- 
division of the oil industry. The combined capacity of the fluid catalytic 
cracking plants in operation or projected for construction is about 
1,400,000 barrels per day, representing some 68 units, or more than half 
the total catalytic cracking capacity. Capacity of the various units ranges 
from about 2000 to 41,000 barrels per day. This development makes the 
petroleum industry the nation’s leading consumer of catalysts, a unique 
position when it is considered that 20 years ago catalytic processes were 
generally held by the petroleum industry to be research curiosities of 
potential, but not near-future, importance. Replacement requirements 
for synthetic catalysts alone have been estimated at 38,000 tons for 1948, 
these catalysts being valued at $ 10,000,000. 32 


Feed Stocks 

The petroleum feed stocks used for gasoline manufacture in commer¬ 
cial catalytic cracking operations may range from naphtha cuts to heavy 
gas oils, deasphalted residuums, or reduced crudes. The usual feed, how¬ 
ever, is a petroleum gas oil, the most volatile fractions of which have a 
higher boiling point than the end boiling point of the gasoline produced. 
Thus, for aviation gasoline production, the initial boiling point of the 
feed stock will generally be above 300° F; for motor gasoline, above 
400°F. 

These feed stocks consist essentially of hydrocarbons of the general 
classifications: paraffins, naphthenes, and aromatics, in various propor¬ 
tions, depending on the nature and the boiling point. The naphthenes 
and aromatics usually contain more or less long paraffinic side chains. 
Polynuclear naphthenes and aromatics and these types combined in one 
molecule to form a naphtheno-aromatic hydrocarbon are widely dis- 
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tributed in high-boiling fractions. The unsaturated hydrocarbons are 
almost entirely absent in straight-run products, but they are easily 
formed in the first stages of cracking and play an important part in 
cracking and other reactions. The unsaturated hydrocarbons formed in 
cracking belong mostly to open-chain monoolefins. Cycloolefins and 
diolefins are of secondary importance. 

In addition to the hydrocarbons, petroleum stocks may contain oxygen, 
sulfur, and nitrogen compounds, including naphthenic and other acids, 
oxygen-containing neutral resins and asphaltenes, and nitrogen organic 
bases. The combined quantity of all these compounds does not usually 
exceed 0.5 to 1.0 per cent in the low-boiling fractions, including gas oils, 
but may be as high as about 10 per cent in some of the residues produced 
from heavy asphaltic crudes. 


Catalysts for Fluid Cracking 

Catalytic cracking is a heterogeneous type of catalysis in which the 
catalyst forms a solid phase immiscible with liquid or gaseous reactants. 
Since the reaction takes place on the surface of the catalyst, the nature 
of this surface is of the utmost importance. The surface area of active 
catalysts is very large, and usually exceeds 200 square meters per gram 
when the catalyst is fresh. The extensive surface area is associated with 
the structure of the material which is actually a network of capillaries 
and pores. The average pore diameter varies from about SO to 110 Ang¬ 
strom units. This porous structure and a high specific surface are com¬ 
mon to all the catalysts of this type. An adsorbent having a large surface 
area is not, however, an active cracking catalyst unless the surface is 
catalytically specific and activates the adsorbed molecule to be cracked. 
Some silica gels, for example, with surface areas above S00 square meters 
per gram have no significant cracking activity. For catalysts of the same 
type and composition, the activity is proportional to the surface area. 
Thus, other properties related to surface area may also be used for 
evaluating activity, such as the adsorption of aromatics and the heat of 
wetting. 22 * 31 

Owing to the nature of the fluid operation, the catalysts employed must 
be characterized by certain unique properties in addition to those which 
contribute to their ability to promote the cracking reaction. Of these 
additional requirements, those of particle size and strength are of special 
importance. Whereas the strength and density of a pelleted or extruded 
catalyst intended for use in a fixed-bed or moving-bed type plant may 
be controlled to a considerable extent by the conditions under which 
the material is formed, this is much more difficult for the fine powders 
to be used in a fluid unit. Strength and density must be controlled, 
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therefore, at some other point in the catalyst manufacturing process, and 
it has been found that with the synthetic catalysts these properties can 
be altered in a variety of ways, such as varying the concentrations of 
the solutions used in making the silica gel, the time the gel is allowed 
to age before drying, the temperatures of the solutions, etc. With natural 
clay catalysts also, some control of these properties can be effected during 
the activation and processing treatment. 

The use of catalytic materials of this general type in various modifica¬ 
tions of cracking has been known for some time and, although most of 
the above factors were known to influence the performance of the 
catalyst, the lack of an adequate understanding of the mechanism of 
catalytic cracking has necessitated a development, for the most part, on 
a purely experimental basis. 

Up to the present time, only two basically different types of catalyst 
have been employed in commercial fluid units. These are (1) the natural 
clay-type catalysts, such as Super Filtrol, and (2) synthetic gel-type silica 
base catalysts, specifically, silica-alumina and silica-magnesia. 

Natural Clay Type Catalysts. 9 ’ 42 These catalysts are chemically-treated, 
naturally-occurring clays, and in general they cost appreciably less than 
the synthetic gel-type compositions. Super Filtrol, w T hich is one of the best 
known and most widely used of the natural catalysts, is an acid-treated 
bentonite clay mineral, montmorillonite. The pure mineral is ideally of 
the form 4Si0 2 * A1 2 0 3 • H 2 0. The naturally-occurring material frequently 
has some of the alumina replaced by other metal oxides such as CaO, 
MgO, and Fe 2 0 3 . The acid-leached and activated material available com¬ 
mercially usually contains most of these substances in small quantities. 

X-ray diffraction patterns indicate that Super Filtrol is composed prin¬ 
cipally of crystalline montmorillonite. This material is characterized by 
an excellent activity for cracking heavy oils and has a high surface area 
(approximately 300 square meters per gram). It is quite stable up to 
temperatures of about 1300 or 1400°F, but it undergoes profound 
changes in surface area, crystalline structure, and catalytic activity when 
heated to higher temperatures—in the range of 1400 to 1500°F or higher. 
At these very high temperatures, which are well above those employed 
in the cracking process, Super Filtrol’s cracking activity vanishes for all 
practical purposes, its surface area drops to a very low value, and its 
crystalline structure changes to an inactive aluminum silicate. 

Synthetic Silica-Base Catalysts. 2 * 6i s * 1S - 41 * 42 Silica-alumina composites 
have been widely used commercially in the fluid cracking process. These 
materials are characterized by an amorphous structure as indicated by 
x-ray diffraction patterns and a high surface area. The composition nor¬ 
mally ranges from 85 to 90 per cent silica and from 10 to 15 per cent 
alumina. The most commonly found impurities are generally present 
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in very small amounts, since these materials may have a marked influence 
upon the catalytic properties. Alkali metal compounds such as Na a O 
are also usually present in trace quantities. 

A number of techniques of preparing these catalysts are known, among 
which are included the three following methods: (1) precipitation in 
sequence, in which alumina is precipitated froih 'iil 4, aIiimihum salt solu¬ 
tion in the presence of a slurry of hydrous silica gel, (2) mixing of the two 
wet gels in appropriate proportions, and (3) impregnation of partially 
dried silica gel with an aluminum salt and subsequent thermal decom¬ 
position to form alumina. The precipitated or treated gels are washed 
and dried, and they may be calcined at temperatures of the order of 
1000°F. If the catalyst is calcined, most of the water is removed, but a 
small amount (up to about 2 per cent) remains and is an important part 
of the active catalyst. It is believed that this constitutional water forms 
active hydrogen atoms of an ionic nature, that are associated with catalytic 
activity. 

The fresh silica-alumina catalysts normally show specific surface areas 
as high as 400 to 600 square meters per gram and rather high pore 
volumes of about 0.5 cc per gram.The sizes of the pores are small accord¬ 
ing to ordinary standards and are of the order of 50 Angstrom units. 
However, these openings are much larger than the gas oil molecules which 
must enter them to undergo reaction, or the smaller molecules, formed 
as a result of the catalytic reaction, which must leave the catalyst. 

The silica-alumina catalyst is quite stable to heat, much more so than 
the natural clays. The synthetic material loses about half of its activity 
and surface area when heated in atmospheric air to temperatures of the 
order of 1600 to 1650°F. It is still amorphous after such a treatment. 
For all practical purposes, however, the material is inactive catalytically 
and has a very small specific surface after it has been calcined at 1700 to 
1800°F. Heat-treatment at higher temperatures causes complete collapse 
of the structure, resulting in the formation of such crystalline substances 
as cristobalite, a form of quartz, and mullite or sillimanite, which are 
aluminum silicates. 

Synthetic silica-magnesia l » 83 ' 42 appears to be the most promising of 
other silica-base materials. Higher gasoline yields are achieved as com¬ 
pared to the silica-alumina catalyst, but the gasoline octane number is 
lower. This catalyst maintains its activity better than silica-alumina. 

Silica-magnesia catalysts are similar to silica-alumina composites in 
that they are characterized by amorphous x-ray diffraction patterns and 
by a very active type of silica base. The surface area of the magnesia 
catalyst usually varies from 400 to 600 square meters per gram and the 
average pore diameter is in the range of 30 Angstrom units for the fresh 
material, When heated to about 1400°F, it is converted into a crystalline. 
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inactive, and relatively nonporous magnesium silicate. Thus, with respect 
to thermal stability, this composition behaves much more like a mont- 
morillonite clay than the synthetic silica-alumina product. 


Basic Elements of the Fluidized Solids Technique 21 * 2u * 29f 30 

If finely divided solids, such as sand, are placed in a cylinder and air 
is introduced at the bottom of the cylinder at a very low rate through a 
porous plate, there is no expansion of the bed of powdered solids and 
the air flows through the powder in the same way as air would flow 
through a tower filled with Raschig rings or other packing material. 
As the velocity of the air is increased, the pressure drop through the bed 
of powder rises until the entire bed and the individual particles of which 
it is composed are supported on the rising current of gas. A slight expan¬ 
sion of the bed occurs, corresponding to a lifting of the particles out of 
contact with each other; the entire bed assumes a high degree of mobility, 
such as is characteristic of a liquid, and is considered to be fully fluidized. 
At this point the pressure drop through the bed is essentially equal to 
the bed weight. Further increases in air velocity do not result in in¬ 
creased pressure drop, but instead the bed is further expanded and its 
density is decreased; also, increasingly turbulent motion of the individual 
particles within the bed is induced, and entrainment of solid by the gas 
leaving the bed may begin. 

Particle size is of importance in obtaining a properly fluidized bed. 
If the size of the particles of powder is too small, the gas tends to channel 
through fixed flow paths which form in the bed, and the latter is not 
effectively fluidized. If the size of the particles is too large, there is a 
tendency for the gas to rise through the bed in excessively large bubbles. 
Unsteadiness in operation and poor contact of the gas with the solid may 
result, and in laboratory scale operations “slugging” of the bed may 
occur; that is, segments of the solid may be trapped between bubbles of 
gas which essentially fill the cross section of the vessel or tube and may 
be forced upwards much as a piston is moved by gas pressure. With 
particles in the right size range, however, uniform fluidization and ex¬ 
cellent gas-solid contact can be obtained. 

The usual size range of powdered catalyst employed in a fluid cracking 
process is from about 10 to 150 microns. A rather surprising observation, 
which represents, in fact, a key point in the experimental basis for the 
wide application of the fluid solids technique, is that with particles in 
this size range fluidized beds of high density can be maintained by a 
very simple technique at gas velocities which are many-fold higher than 
the free-fall velocities of the particles contained in the bed, as calculated 
by Stokes’ law or its modifications for turbulent settling conditions; in 
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effect, at conditions such that the formation of a dense bed would 
have appeared impossible. In practice, it is found that the rate of en¬ 
trainment from beds of fine particles fluidized at velocities above the 
free-fall velocity is rather low, so that the bed may be maintained indefi¬ 
nitely under such conditions by the continuous introduction of a rela¬ 
tively small quantity of solid. 

Fundamentally the fluid solids technique may be said to represent 
a useful application of two basic properties or characteristics of finely- 
divided solids. These properties may be summarized as follows: (1) Prop¬ 
erly sized solids, when mixed with a gas, will form a solids-gas mixture 
or ‘‘fluid/* this “fluid” having flow properties similar to those of ordinary 
liquids. (2) A powdered solid when suspended in a gas stream flowing 
upwards at moderate velocities will form a continuous dense phase which 


Figure 1. Basic elements of the fluid-solids technique. 



in many aspects resembles a boiling liquid and which assumes a relatively 
well-defined level. 

The first of these properties makes possible the circulation of vast 
quantities of solids without benefit of mechanical devices, such as pumps, 
elevators, etc., and it also allows the use of more or less conventionally 
designed equipment, such as pipes, valves, and exchangers, to handle 
and control the solids. The second property provides uniform tempera¬ 
tures in exothermic or endothermic reaction beds and supplies means for 
carrying out such functions as heat transfer, under excellent conditions. 

The fluid solids technique as applied to manufacturing processes con¬ 
sists essentially of either one or both of two basic elements, namely, a 
circulating system and a zone in which a concentrated or “dense phase** 
of solid is built up or maintained for the purpose of carrying out a de¬ 
sired reaction. An illustration of a simple combination of these two 
elements is given in Figure 1. 
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Circulation of Solids. The transfer of fluidized solids in large amounts 
between two or more vessels is easily carried out by use of a new tech¬ 
nique. Such circulation systems consist of (1) a standpipe in which the 
static head of the flowing solid itself builds up the pressure requisite for 
its circulation; and (2) a carrier line which contains a flowing stream of 
gas into which the solids are dispersed, to be carried to a reaction zone. 
The fluid solids in the standpipe are maintained in a state of relatively 
high density in order to obtain reasonable build-up of static pressure per 
unit length of standpipe. However, the solids-gas mixture, being com¬ 
pressible, can attain excessively high densities such that the mixture loses 
its “fluid” characteristics; gas is accordingly added to the solids-gas mix¬ 
ture at points along the length of the standpipe to maintain its density 



Figure 2. Regenerated catalyst cooler. 


in a “fluid” range. Control of catalyst flow in the standpipe is maintained 
by means of a modified gate-type valve located at the base of the stand¬ 
pipe. Pressure having been built up in this manner, the solids-gas mix¬ 
ture can then be injected into a suitable gas stream for conveyance to 
any desired point, normally a reaction zone. The density of this solids-gas 
mixture in the carrier line is maintained low in order to facilitate circu¬ 
lation of the solids. The low-density mixture is obtained simply by 
operating at relatively high gas velocities in the line, which results in a 
low ratio of solids to gas in that section. 

The Fluid Dense Bed. A zone or bed of high solids concentration can 
be established and maintained simply by controlling the velocity of a 
solids-gas mixture at a relatively low level, e.g., 1 to 2 ft/sec, at which 
conditions the solids tend to settle out and disengage from the gas. The 
bed formed as a result of this phenomenon is of more or less uniform 
density, but is in a continuous state of violent agitation—a fact which 
results in extremely efficient mixing of the solids, and hence in uniform 
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temperature maintenance. Relatively high densities can be built up in 
such a bed. For example, with finely divided clay having a settled density 
of about 45 pounds per cubic foot, bed densities of 15 pounds per cubic 
foot or higher can readily be obtained. With denser materials such as 
finely divided iron oxide having a settled density of 150 pounds per 
cubic foot, bed densities of the order of 125 pounds per cubic foot are 
readily obtained. In cases where circulation is carried out, solids can be 
charged to the bed either directly from a standpipe in a dense state, or 
in a dilute phase by means of the fluidizing gas, as is shown in the draw¬ 
ing (Figure 1). Similarly, removal of the solids from the bed can be 
accomplished by direct withdrawal through standpipes, or by entrain¬ 
ment overhead with the effluent gases. The former method results in 
simpler equipment to separate the solids from the gas. 

Versatility of Application. The specific arrangement and combination 
of the basic elements of the fluid solids technique are obviously subject 
to wide variation, depending on the particular application. For example, 
functions such as heat removal or exchange can be readily carried out 
either by immersing coils directly in a dense phase bed, or by recycling 
solids through a standpipe and heat exchanger located in the dilute 
phase carrier line (Figure 2). Furthermore, large quantities of heat can 
readily be transferred from one reaction zone to another because of the 
very large heat capacity of the circulating solids stream. The fact that 
the fluidized bed is extremely turbulent insures good mixing and even 
temperatures throughout the bed, even though the reactions taking place 
involve high rates of heat liberation or absorption. The fluid technique 
is obviously versatile in its application, and may be used in a variety 
of processes which involve both catalytic and noncatalytic reactions and 
which may or may not require the circulation of solids. 


Fluid Cracking Process Flow 

A fluid catalytic cracking plant of 25,000 barrels per day capacity is 
capable of handling more than a million and a quarter tons of feed 
stock per year. Such units frequently are 250 feet high—as lofty as a 
twenty-story building—and contain more than 24 miles of piping, of 
which one section may be as much as 8 feet in diameter. These plants 
may be considered as comprising four principal sections: feed-preheat 
section, reaction section, regeneration section, and product-fractionation 
section. Figure 3, which illustrates one of the more modern types of 
operation, may be referred to in following the process flow. 18 * 23 ” 25 * 2T * 28 

In the feed-preheat section, fresh charging stock is heated by heat ex¬ 
change with hot streams from the fractionator and, in some cases, by 
means of an oil or gas-fired furnace. This preheated feed is directed to 
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the regenerated catalyst pick-up point where it contacts the hot, pow¬ 
dered catalyst from the regenerator. A rapid transfer of heat takes place 
when the hot catalyst joins the preheated oil and the resulting oil vapors 
carry the catalytic material as a suspended powder into the reactor. 
Owing to the decreased velocity of the vapors passing through the re¬ 
actor, the suspended catalyst particles settle out to form a relatively 
dense, turbulent bed. Cracking is effected in this bed at a temperature 
of 800 to 1000°F. 

Product vapors pass overhead from the catalyst bed through a settling 
zone to cyclone separators where all but a trace of catalyst is removed. 


REGENERATOR 
CYCLONE 


FLUEGAS 

WASTE HEAT BOILER 


GASES AND GASOLINE 
TO RECOVERY PLANT 


HEATING OIL 
GASOIL 


OIL FEED 



AIR 

BLOWER 


Figure 3. Flow diagram of fluid catalytic cracking plant. 


The catalyst separated in the cyclones is returned through a small stand¬ 
pipe to the catalyst bed. The cracked vapors, now substantially catalyst- 
free, proceed to a fractionator where they are separated according to 
desired boiling ranges, usually into gas, high octane number gasoline, 
heating oil, and gas oil fractions. The very small percentage of the 
catalyst that escapes from the cyclone separators is recovered as a heavy 
oil slurry at the bottom of the fractionator, from which it is pumped 
back into the reactor. 

During the cracking reaction, the catalyst accumulates a deleterious 
deposit of carbonaceous material which must be removed in order that 
the catalyst surface be maintained effective for the cracking reaction. 
To accomplish this regeneration, carbonized catalyst is continuously 
withdrawn from the bottom of the reactor and is directed through a 
steam stripping zone where entrained and volatile hydrocarbons are re¬ 
moved. The catalyst is then discharged into an air stream which carries 
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it in suspended form to the regenerator vessel, wherein a substantial 
proportion of the carbonaceous deposit is removed by air oxidation. 
Because of the decreased velocity of the carrying gas, a fluidized bed of 
catalyst is established within the regenerator, as in the reactor. The 
regenerator operates at a catalyst bed temperature of about 1100°F— 
a dull red heat. Most present-day catalytic cracking plants operate in 
“heat balance”—that is, all the heat released in the regenerator in burn¬ 
ing carbon (except heat losses from the equipment) is used to vaporize 
and heat the oil feed, and to provide the heat of cracking. This heat is 
transferred from the regenerator as sensible heat in the circulated cata¬ 
lyst stream, and therefore the temperature held in the regenerator can 
be controlled by the rate at which catalyst is circulated in the system. 
This catalyst circulation rate must, however, be consistent with other 
conditions in the reactor to give the desired feed conversion and carbon 
production. 

During the regeneration, sufficient coke is burned from the catalyst 
to restore its activity and the regenerated material is separated from the 
spent air (flue gas), first in a settling zone above the bed and then in 
cyclone separators, after which it is returned through a standpipe into 
the stream of hot oil feed. At this point the catalyst begins a new journey 
into the reactor and a fresh cycle of operation. 

The flue gas leaving the cyclone separators goes to a waste heat boiler 
and then to a Cottrell electrical precipitator which removes most of the 
last traces of catalyst. The gas is vented from the stack of the precipitator 
and the final recovered catalyst is repressured in a standpipe and passed 
to the regenerator. 

Of particular interest is the fact that the complete cycle takes place 
without the use of a single mechanical moving part. It is the fluid con¬ 
dition of the catalyst that makes this possible. The average particle of 
catalyst makes its way around the complete circuit approximately every 
10 minutes, yet the process runs continuously for months on end (some 
runs have lasted considerably longer than a year). In a typical commer¬ 
cial unit processing approximately 25,000 barrels of feed a day, about 
20 to 40 tons of catalyst are circulated through the unit every minute, 
yet the catalyst recovery is so complete that only 0.005 per cent of the 
60,000 tons circulated daily is lost to the air. 


Catalytic Conversions 

Optimum Cracking Conditions - 27,3S * 39 * 40 These conditions are achieved 
in the fluid reactor as a result of the ability to adjust the catalyst holdup, 
temperature, recycle oil rate, and catalyst rate at the specific values re¬ 
quired for the particular charge stock being processed. The reactor of a 
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fluid unit is so completely flexible that the catalyst bed depth can be 
adjusted at will to give a wide variation in catalyst holdup, the tem¬ 
perature can be varied from that required to vaporize the feed to over 
1000°F, and the proportions of fresh feed and recycle can be varied over 
the full range of 0 to 100 per cent recycle. 

Recycling. Recycling of the higher-boiling cracked products along with 
the fresh oil feed is frequently employed to produce the maximum yield 
of more valuable products, such as gasoline and heating oil. 

Catalyst-to-Oil Ratios. These vary between a minimum of about 5 to 1 
and a maximum of about 20 to 1. In plants where the heat of cracking 
is supplied by the sensible heat of the circulating catalyst, the catalyst- 
to-oil ratio is fixed by the severity of cracking and the temperature of the 
regenerated catalyst. 

Spent Catalyst Stripping. Both in initial cost and operating cost, the 
regenerator is the most expensive single item of equipment, and all 
reasonable means are used to confine its function to the burning of 
unavoidable carbon. Provided cracking conditions are optimum, the 
major source of avoidable carbon results from incomplete stripping of 
hydrocarbons from the catalyst leaving the reactor. This effect has been 
minimized by present-day efficient stripper design and by use of the maxi¬ 
mum permissible amount of stripping steam. 


Reactions in Catalytic Cracking 

Although the catalytic cracking of high-boiling petroleum feed stocks 
represents a quite complicated series of simultaneous and superimposed 
reactions that vary with the nature of the feed and the cracking con¬ 
ditions, some understanding of the basic reactions involved has been 
gained through a study of the cracking of a number of pure hydro¬ 
carbons. The specific action of cracking catalysts on hydrocarbons de¬ 
pends largely upon the nature of the catalyst and for this reason the 
reactions discussed here will be in relation to the activated clay and 
synthetic, silica-base type materials described in a preceding section. 
These so-called adsorbent-type catalysts moderately and selectively weaken 
carbon-carbon bonds, particularly those bonds which are located toward 
the center of the molecule. The formation of hydrogen shows that dehy¬ 
drogenation reactions are also accelerated by these catalysts, but to a 
lesser degree. This directional action of the catalyst results in higher yields 
of valuable liquid products. A number of secondary reactions, such as 
isomerization, and hydrogen and alkyl transfer, are of importance and 
will be discussed in connection with the reactions of the individual 
hydrocarbon types. 
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Paraffins. 7 * 10 * 11 * 20 The effect of the catalyst on the carbon-carbon bond 
is highly selective. The third carbon-carbon bond and those nearer the 
center of the molecule are most strongly affected, with the result that 
higher yields of the desired lower-boiling liquid hydrocarbons are pro¬ 
duced with correspondingly low C x and C 2 gas formation as compared to 
the noncatalytic or thermal process. High yields of C 3 and, particularly, 
C 4 fractions are also characteristic of the action of these catalysts. The 
gasoline boiling-range products resulting from the cracking of high 
molecular-weight normal paraffins contain both branched-chain and 
straight-chain paraffins and olefins. The normal paraffins are far more 
stable toward catalytic cracking than the corresponding olefins although 
the rate of catalytic cracking is from 3(C 3 H 8 ) to 60(C 24 H 5O ) times greater 
than that of the noncatalytic process and increases with the molecular 
weight of the paraffins. The reaction rates may also vary somewhat with 
the type of catalyst employed. A study of the effects of branching on the 
catalytic cracking of hexanes has shown that the isomers, with the excep¬ 
tion of 2,2-dimethylbutane, are less stable than n-hexane. Thus, the 
tertiary carbon structure accelerates the catalytic reaction and the qua¬ 
ternary structure retards it, as compared with the normal structure. 
Paraffins containing a lage number of methyl groups usually form more 
methane on cracking than the normal paraffins. 

Secondary reactions, particularly of the olefins formed, readily take 
place. In addition to isomerization, transfer of hydrogen takes place 
on a large scale in the presence of the cracking catalysts, which results 
in a saturation of olefins and the formation of aromatics. The aromaticity 
of the fractions formed on catalytic cracking of paraffins increases with 
increasing molecular weight or boiling point of the product. Some of 
these highly aromatic fractions contain 50 per cent or more of aromatics. 
The higher the temperature of the cracking the more aromatics are 
formed. 

Olefins. 4 * 7 * ,a * ! * 7 Olefins are not present in any appreciable quantities 
in commercial feed stocks. However, the unsaturates formed as a result 
of the cracking of other hydrocarbon types have a very significant role in 
the catalytic transformations that result in high-quality gasoline products. 
These catalytically-formed unsaturates are more difficultly desorbed from 
the active surface of the catalyst and thereby are subjected to various 
secondary reactions. 

The catalytic cracking of pure, aliphatic olefins shows the same general 
directional effects as for the paraffins; that is, the splitting reactions 
effected by the catalyst yield mostly C 3 and larger fragments. The rate 
of cracking is much faster than for the corresponding paraffin and may 
be several thousand times faster than that of thermal or noncatalytic 
cracking. Isomerizations occur to a large extent, both by shifting of 
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carbon atoms in the skeleton, and by shifting of the position of the 
double bond of either the original olefin or the lower molecular-weight 
olefins formed on cracking. Reactions involving hydrogen transfer also 
have been firmly established. In conversions of this type, the olefin con¬ 
tent is greatly reduced and the proportion of aromatics increased; forma¬ 
tion of free hydrogen is slight. The formation of paraffins is attributed 
to the hydrogenation of olefins by hydrogen liberated by the various 
aromatization reactions and by condensations which result in catalyst 
deposits of low hydrogen content. 

Catalytic cracking of cyclic olefins gives results very similar to those 
obtained with aliphatic olefins. Isomerization and hydrogen transfer 
result in the formation of saturated naphthenes, aromatics, catalyst de¬ 
posits, and, under more severe cracking conditions, polymerization and 
ring splitting. 

Naphthenes. 3 ' 10 * 13 The action of the cracking catalyst on naphthenes 
results largely in rupture of the naphthenic rings, with formation of 
saturated and unsaturated fragments. Six-membered naphthenes are de¬ 
hydrogenated to aromatics only to a small extent. With decalin, the rup¬ 
ture of the rings is predominant, but with a minor amount of dehydro¬ 
genation to tetralin and naphthalene. As a result, paraffins (C 3 and C 4 ), 
olefins, cyclopentanes, and cyclohexanes are formed with only small 
amounts of benzene derivatives. Work with tetralin has shown a stronger 
dehydrogenation tendency amounting to as much as 50 per cent of the 
total conversion. The remaining portion of the converted tetralin yields 
benzene and its homologs as a result of the rupture of the naphthenic 
ring. The cracking of paraffinic side chains is characterized by the same 
general preferential splitting as established for paraffins, with formation 
of C 3 and larger fragments. The effect of isomerism on the catalytic 
cracking of naphthenes may be appreciable and methylcyclopentane is 
somewhat more susceptible to the action of these catalysts than is cyclo¬ 
hexane at the same conditions. This effect is due to the presence of the 
tertiary structure in the methylcyclopentane which is particularly sus¬ 
ceptible to catalytic cracking, as was shown for the isomeric paraffins. 

Work done on the cracking of both monocyclic and bicyclic naph¬ 
thenes has shown that the catalyst accelerates the rate of cracking about 
1000 times as compared to noncatalytic cracking. The rate of catalytic 
cracking of the naphthenes is several-fold that of paraffins of the same 
number of cabon atoms. Thus, the order of stability of paraffins and 
naphthenes is reversed in the presence of the catalyst. 

Aromatics. 10 ' 14 ' 16 * 19 ‘ 38 The ring structures of the aromatics are much 
more stable toward the action of cracking catalysts than are the paraffinic, 
olefinic, and naphthenic hydrocarbons discussed previously. However, the 
action of these catalysts on substituted aromatics is one of the most impor- 
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tant reactions of cracking since it results in the formation of low molecular- 
weight paraffins, olefins, and aromatics with fewer or shorter side chains. 
Toluene and diphenyl are quite stable under the usual catalytic cracking 
conditions. Polymethylated aromatics are much more reactive and are 
intermediate to paraffins and naphthenes in reactivity. Aromatics with 
propyl and larger side chains are highly unstable but the initial reaction 
is principally one of total dealkylation that results in an unsubstituted 
aromatic and an olefin having the same number of carbon atoms as the 
alkyl substituent. The reaction of ethylbenzene is very slow under com¬ 
parable conditions (752 to 932°F). The catalytic reactions effected under 
much more severe cracking conditions result in total rupture of aromatic 
rings with formation of hydrogen, methane, coke and other products. 
Of the isomeric propyl and butyl benzenes, the normal alkyl groups are 
more stable than the branched ones. The relative decomposition rates of 
the butyl benzenes increase in the order of normal, secondary, and 
tertiary. Tertiary butylbenzene is particularly susceptible to catalytic 
cracking although it has a quaternary structure, which in purely paraffinic 
hydrocarbons is resistant to catalytic cracking. 

The methyl groups in polymethylbenzenes exhibit a unique mobility 
in the presence of cracking catalysts that may result in isomerization or 
a disproportionation of these groups between aromatic rings. Under con¬ 
ditions within the range of those usually employed in catalytic cracking, 
xylene is disproportionated to toluene and trimethylbenzenes, trimethyl- 
benzenes to toluene, xylenes, and other polymethylbenzenes. Under the 
same conditions (950 to 1000°F), ethyl groups show a greater tendency 
to dealkylate, and diethylbenzene is converted almost entirely to benzene 
and ethylene with no disproportionation. This dealkylation reaction, 
however, has been shown to be reversible. With xylene in the presence 
of an excess of benzene, disproportionation results primarily in the for¬ 
mation of toluene. Similarly, diethylbenzene and diisopropylbenzene 
yield the corresponding monoalkylbenzenes. 

General. The above discussion of the reactions occurring in the crack¬ 
ing of individual hydrocarbons undoubtedly presents an over-simplified 
picture of the reactions taking place during the catalytic cracking of a 
petroleum oil. In the latter case all of the molecular types may be con¬ 
sidered to be present, and they and their fragments are known to inter¬ 
react in a variety of ways so that the overall reaction pattern is exceed¬ 
ingly complicated. It is obvious that a large amount of additional in¬ 
vestigation of the interactions of the various molecular species upon each 
other in the presence of cracking catalysts will be required before a clear 
understanding of the reactions occurring in the exceedingly complex 
system of petroleum catalytic cracking can be obtained. 
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Catalyst Regeneration s<i * 37,40 

The combustion of carbonaceous deposits under closely controlled 
combustion conditions is an important feature of the fluid cracking 
process. Regeneration not only restores catalyst activity but contributes 
all or a major portion of the heat requirements of the unit. The turbu¬ 
lence in the fluid bed of the regenerator gives some remarkable results. 
In the regenerator of a commercial unit as much as 400,000,000 Btu 
per hour may be liberated, yet the temperature in the regenerator seldom 
varies more than 5°F from top to bottom, even though the catalyst bed 
may be 20 feet deep and up to 55 feet in diameter. 

The carbonaceous deposit that is an inevitable by-product of catalytic 
cracking is usually called coke and is generally determined as the weight 
per cent of carbon on feed or on catalyst. The extent of coke formation 
depends on the type of catalyst, the feed stock, and the operating condi¬ 
tions. The weight per cent of coke on the catalyst entering the regener¬ 
ator usually varies between less than 1 to about 3 per cent. A balance 
between several factors usually determines the coke level desired for any 
specific operation. First, the burning of a given amount of coke from 
catalyst having a high deposit generally proceeds more readily than the 
burning of the same amount from catalyst having a low coke content. 
Second, it is desirable from the standpoint of catalyst performance dur¬ 
ing the cracking reaction to maintain a relatively low catalyst carbon 
content. 

Catalyst coke is composed principally of carbon and hydrogen, but 
may include some sulfur. The actual composition of the deposit is com¬ 
plex as regards hydrocarbon types and is not well known, although the 
formula (C 3 H 4 )n has been reported. Depending upon the adequacy of 
the carbonized catalyst steam-stripping facilities, which are intended to 
remove entrained and volatile hydrocarbons, leaving only coke, the car¬ 
bon content of sulfur-free deposit varies from about 93 to 87 weight 
per cent, and the hydrogen content from about 7 to 13 weight per cent. 
Since about four times as much air is required to burn one pound of 
hydrogen as is necessary for one pound of carbon, the importance of 
adequate catalyst stripping and low hydrogen content is obvious. 

The principal factors involved in the regeneration of the fluid catalyst 
are pressure, temperature, catalyst deposit, catalyst residence time and 
oxygen concentration in the flue gas. 

Regeneration Pressure . Commercial unit regenerators operate with 
pressures at the top of the vessels ranging between about 1 and 15 pounds 
per square inch gage. Obviously, with specified maximum allowable 
gas velocities within the regenerators, the higher pressures permit the 
use of smaller vessels or increased air flows in existing regenerator vessels. 
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It has been shown that the combustion of catalyst deposits proceeds more 
favorably at the higher pressure levels. The choice of the pressure used 
is based on a consideration of these factors, and others, as compared to 
the increased cost of compressing large amounts of air to the higher 
pressures. 

Regeneration Temperature . Commercial fluid catalytic cracking units 
operate with regeneration temperatures ranging from slightly below 1000°F 
to about 1200°F. The choice of operating temperature usually is a balance 
between several factors. Since it is desirable to maintain the catalyst-oil 
ratio at a reasonable minimum, the regeneration temperature is pref¬ 
erably held as high as is consistent with good catalyst .life and mechanical 
limitations of the equipment at the elevated temperatures. In general, 
the higher the temperature, the more readily the combustion occurs. 
On the other hand at the highest temperature levels, permanent catalyst 
deactivation occurs at an accelerated rate, and construction problems 
and costs tend to become more important considerations. The type of 
catalyst to be employed also must be considered, since some are more 
heat-resistant as regards activity decline than others. 

Type of Catalyst.™ As already mentioned, the type of catalyst used 
affects the operation of regeneration equipment because of temperature 
deactivation problems. The catalyst type also will affect regeneration-air 
requirements and heat evolution, since catalysts having different chemical 
compositions result in various ratios of C0 2 to CO in effluent regenera¬ 
tion gases. With various commercial catalysts the C0 2 to CO ratio varies 
between 1:1 and 2:1 as shown in the following tabulation. 


Catalyst 

Natural clay 

Silica-alumina 

Silica-magnesia 


CO2/CO Ratio in 
Regeneration Gas 

1 . 7 - 2.2 
1.0 

1 . 6 - 2.0 


The presence of certain metallic contaminants, such as iron, which may 
accumulate on the catalyst during operation, tends to increase the 
C0 2 /C0 ratio, and results in increased air requirements for burning of 
any given amount of catalyst deposit. 


Fluid Cracking of Paraffinic Gas Oil 33 

The data shown in Table 1 give typical results on the cracking of a 
paraffinic gas oil (29.4°API-701 °F mid-boiling point) over the three prin¬ 
cipal types of commercially available catalysts: 
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Table 1. Comparison of Catalysts in Fluid Catalytic Cracking 
All Data at 60% Conversion of Wide-Cut Paraffinic Gas Oil Feed Stock 



Silica- 

Catalyst 

Silica- 

Natural 


Magnesia 

Alumina 

Clay 

Temperature, °F 

975 

975 

975 

Catalyst-to-oil ratio 

6-10/1 

9-12/1 

7-10/1 

Yields on feed 

10-lb R.V.P. gasoline, vol. % 

56.2 

45.5 

47.8 

Total butanes-butenes, vol. % 

10.0 

16.0 

14.0 

Butenes, vol. % 

6.4 

9.0 

9,2 

Isobutane, vol. % 

2.6 

5.4 

4.0 

Heating oil base, vol. % 

22.3 

21.5 

17.6 

Heavy gas oil, vol. % 

17.7 

18.5 

22.4 

Dry gas, wt. % 

6.2 

9.0 

8.7 

Carbon, wt. % 

2.9 

2.9 

3.1 

Gasoline quality 

Motor octane number 

79.2 

81.6 

79.8 

Research octane number 

91.5 

95.0 

93.6 

Res. oct. no.—leaded, 1.5 cc. TEL/gallon 

96.3 

98.7 

97.2 

Volatility- ASTM distillation 

% D+L @ 158°F 

25.0 

32.0 

27.5 

% D+L @ 212°F 

46.0 

54.0 

52.0 

% D+L @ 257°F 

61.0 

65.5 

64.5 

Heating oil base quality 

Gravity, °API 

29.5 

30.0 

28.5 

Cetane no. (est.) 

36 

32 

34 

Initial b.p., °F 

455 

470 

465 

50% Distilled @ °F 

514 

517 

510 

Final b.p., °F 

577 

589 

572 
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Asphaltic bitumens are of such a complex nature that little information 
is available concerning the nature of the hydrocarbons present. Sachanen 1 
has reviewed much of the data available on the chemical constitution of 
asphalts, and ultimate analyses on various fractions of different asphaltic 
materials were published by Hillman and Barnett. 2 All asphaltic mate¬ 
rials contain some sulfur. It should be pointed out that ring compounds 
have been found to predominate in the high-boiling fractions of petro¬ 
leum and that the products vary from naphthenes containing one or 
more rings with attached alkyl groups to hydrocarbons containing naph¬ 
thene rings and an aromatic ring. The assumption that these types of 
compounds occur in asphaltic residua and in asphalts may be fallacious, 
but such an assumption gives a concept of the type of hydrocarbon 
present. This concept is confirmed, more or less directly, by certain facts 
presented in the following pages. 

Logically, the physical and colloidal properties of materials as complex 
as asphaltic bitumens have assumed greater importance than their chem¬ 
ical characteristics. Empirical physical tests have been used for a long 
time to obtain information concerning flow characteristics, susceptibility 
to change in temperature, adhesiveness and other properties of practical 
importance, but only in recent years have certain absolute methods of 
measurement been developed. The realization that asphalts are colloids 
has been a great stimulus to the understanding of their properties and, 
in fact, it is only when asphaltic bitumen is studied as a colloid that real 
progress is made toward a comprehension of its behavior under various 
conditions. The idea that asphalts are colloidal systems is generally con¬ 
sidered to have been first proposed by Nellensteyn 3 in 1924, who sug¬ 
gested that these materials are composed of micelles dispersed in an oily 
medium: r He conceived that a particle of carbon formed the nucleus of 
each micelle and that the nucleus was surrounded by layers of adsorbed 
asphaltenes, each successive layer being composed of hydrocarbons of 
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lower molecular weight and higher hydrogen-to-carbon ratio. Dispersion 
of the micelles was considered to be maintained by the presence of 
asphaltic resins which were thought of as protective colloids or stabilizing 
agents. Nellensteyn’s general theory has been widely accepted except for 
the idea of a carbon nucleus for each micelle. 

Recently, Eilers 3a discussed the composition and properties of asphal¬ 
tenes, including comments on molecular weights by (1) cryoscopic meth¬ 
ods, (2) measurement of viscosities of dilute solutions and (3) spreading 
tests on the Langmuir apparatus. Mention is made of the x-ray examina¬ 
tion of asphaltenes by de Lange and Corbet, which followed the original 
work of Nellensteyn and Pfeiffer. The results of these measurements 
indicate the existence in the asphaltenes of six-ring planes and of paraf¬ 
finic chains and, in the words of Eilers, “support the view that the 
asphaltenes from e.g. Mexican or Venezuelan crude oil are large mole¬ 
cules composed of condensed, mainly naphthenic, aromatic, hydroaro¬ 
matic and thiophenic ring structures in combination with hydrocarbon 
chains of different lengths . . 

Pfeiffer and his associates 4 have elaborated on Nellensteyn's theory 
outlined above and have proposed explanations for the flow characteris¬ 
tics of various kinds of asphalt on the basis of their colloidal structure. 
These investigators believe that hydrocarbons with the greatest molecular 
weight and most decided aromatic character are arranged closest to the 
nucleus of the micelle. Surrounding these are successive layers of lighter 
compounds of less aromatic nature, until a gradual and almost con¬ 
tinuous transition into the intermicellar phase is formed. These investi¬ 
gators point out that there is no clear boundary between the oily con¬ 
stituents and resins or between the resins and asphaltenes. When the 
system contains sufficient resins or protective colloids to peptize fully 
the heavy asphaltenes, a sol type of asphalt results. On the other hand, 
a gel type of bitumen occurs when, owing to paucity of stabilizing agents, 
the micelles are not well dispersed and tend to form bonds because of 
mutual attractions. Pfeiffer and co-workers looked upon the gel structure 
as irregular open-packing, the spaces of which are filled by the inter¬ 
micellar liquid. 

The differences in flow and other characteristics evident in various 
asphalts, and discussed below, are caused by the presence of the sol or 
gel state or of the many intermediate gradations which may exist between 
the two extreme states. Much of the work done in recent years confirms 
the concept that asphalts are colloidal systems, and that the rheological 
and other properties used to evaluate a material merely reflect the degree 
of dispersion or solvation existing within the system. Consideration is 
given below to some of the most outstanding manifestations of the col¬ 
loidal nature of asphaltic bitumens. 
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Solubilifies in Organic Solvents 

The high molecular-weight, dark-colored asphaltenes and resins which 
comprise a large portion of the micelles mentioned in the discussion 
above are insoluble in solvents such as light petroleum naphtha (pen¬ 
tane), liquid propane and normal butanol, to mention only a few; 
whereas, the oily maltenes or petrolenes which compose a large part of 
the continuous phase in the asphalt are soluble in these organic liquids. 
Other solvents such as acetone and furfural may be used to dissolve 
selectively certain of the hydrocarbons present. In every case, the amount 
and consequently the nature of the material dissolved, are dependent 
not only on the solvent used, but on its volume relative to that of the 
asphalt present and to the temperature maintained during the extraction. 

Eilers 3a reported extensive studies on the solubility of asphalts in a 
number of widely different nonpolar organic solvents. He found the 
per cent insoluble to correlate with the internal pressure and surface 
tension of the solvent. Mexican asphalt of 40 to 50 ASTM penetration at 
25°C was completely soluble in nonpolar solvents with an internal pres¬ 
sure, oF~ 1/3 , greater than 4.5. (In this expression o = surface tension and 
V = molecular volume of the solvent.) 

He also uses the viscosity of solutions of asphalt components in pure 
solvents as “a simple way to obtain an insight into their colloidal prop¬ 
erties, especially so when the results are expressed in terms of the volu- 
minosity of the solute, i.e. the volume that seems to be occupied in the 
solution by the quantity of solute of unit volume in the dry state.” The 
voluminosity (v) is calculated from the Einstein equation 

7jr = 1 -f- 1.25 vC 

where ?;r=relative viscosity of the solution and C = concentration of 
solute in parts by volume. 

In Table 1, data are given for asphalts A , B and C, which illustrate the 
different properties associated with the sol, sol-gel and gel states respec¬ 
tively. At this point, attention is drawn to the fact that the amounts of 
high molecular-weight, dark-colored materials precipitated by the non¬ 
polar solvents are about the same for asphalts A and C but are con¬ 
siderably higher for the transitional sol-gel material, asphalt B . These 
data indicate that the quantity of heavy materials (asphaltenes) present 
in an asphalt is not a major factor in determining whether the material 
will show sol or gel characteristics. Other more important factors will 
be discussed in the following pages, and asphalts A, B and C will be used 
to illustrate the dependence of physical behavior upon the colloidal state 
of the system. ■' „■ 
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Table 1. Properties of Asphalts Possessing 
Different Colloidal Characteristics 


Asphalt 
Colloidal type 
Method of processing 

Properties 

Density at 25°C 

ASTM softening point, R&B°C 
ASTM ductility, at 25°C, 5 cm/min, cm 
ASTM penetration, 100 gm/5 sec/25°C 
Viscosity, megapoises* at 25°C and power 
input of 1000 ergs sec -1 cm” 3 
Degree of complex flow, c 
Asphalt aging index t 
Elasticity, relaxation one-half time, sec 

Solubilities 

Insoluble in pentane, % 

Insoluble in liquid propane, % 


ABC 
i ol sol-gel gel 

- Air Blown - 

1.016 1.025 0.984 

50 55 65.6 

200+ 164 5.5 

50 55 53 

3.2 4.4 23 

1.0 0.80 0.50 

0.02 0.08 0.21 

1 3 13 

20.6 29.7 24.2 

37.5 44.6 38.3 


* One megapoise = 1,000,000 poises 

t AAI is the slope at 100 hours of a log-log plot of viscosity versus time in hours 


Surface Etching by Selective Solvents 

Schwarz 5 proposed a method for classifying bitumen, which comprised 
etching the surface of the solid bitumen with solvents such as benzene, 
carbon tetrachloride and carbon disulfide for a few seconds and then 
photographing the surface. Traxler and Coombs 6 found that ethyl ether 
and light petroleum naphtha were more satisfactory solvents. Definite 
surface patterns were evident in photographs taken at 220 x with a Leitz 
Ultropak microscope when a gel-type asphalt was used. When a sol type 
was treated, little or no surface pattern was visible even though an aged 
asphalt surface was used. Although the obvious deduction is that some 
type of structure exists within the gel-type asphalt, the surface designs 
obtained cannot be assumed to show the structure actually existing 
within the asphalt. 

The presence of appreciable amounts of solid paraffin wax may be 
detected in an asphalt by spreading a thin translucent film of the hot 
asphalt on a microscope slide and observing by transmitted light at 
450 x. If more than 1 or 2 per cent of solid paraffin wax is present, it 
will appear as crystal-like masses; the use of a polariscope makes the 
identification more positive. High solid-paraffin content, and especially 
overall paraffinic content are found to be associated with the gel type of 
asphalt. This situation may be caused in certain instances by the forma¬ 
tion of a structure within the asphalt by the solid paraffins but more 
generally the gel state exists because the asphaltenes or micelles are 
flocculated by paraffinic hydrocarbons in the continuous phase. 
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Rheological Characteristics 

Flow properties (both viscous and elastic deformations) at service tem¬ 
peratures are of primary importance in the utilization of asphaltic ma¬ 
terials. Various empirical tests, such as the ASTM penetration tests, 
softening point and ductility tests, have been used by producer and con¬ 
sumer for many years in an attempt to evaluate these characteristics, and 
to determine the applicability of the asphalt for specific uses. 


Figure 1. High consistency rotational viscome¬ 
ter showing rotor, stator, and lid. 



The evaluation of the rheological properties of asphalt at service tem¬ 
peratures in absolute (cgs) units presents many problems because of the 
extremely high consistencies encountered. Fortunately, rapid strides have 
been made during the past 15 years in the development of ► apparatus 
capable of measuring the consistency in absolute units of materials of 
high consistency. The rotating cylinder type of viscometer, one form of 
which is described below, has proved to be very useful for this purpose. 
The viscometer proper is shown in Figure 1 and the entire apparatus 
including bath, gear housing, switches, recording device, etc., is illustrated 
in Figure 2. 

The space, D, in Figure 1 is filled with the molten material to be 
tested. In order that the inner cylinder will be concentric with the outer 
cup, the entire assembly is held in a jig, Q, shown in Figure 2. When the 
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material in the viscometer has cooled to room temperature, the entire 
assembly is placed in the water bath and brought to the desired tem¬ 
perature (usually 25°C). The viscometer is connected to the driving and 
recording devices after constant temperature has been attained. By means 
of a constant-speed motor operating through a gear train, the outer 
cylinder. A, which is mounted on a turntable, is rotated at a constant, 
selected angular velocity (ten velocities between 0.0696 and 2200 revo¬ 
lutions per hour are available in the machine shown in Figure 2) and 
the torque required to prevent the inner cylinder, B, from turning is 
measured by a Statham gage which is enclosed in the head of the viscom- 



Figure 2. High consistency rotational viscometer. 


eter (H of Figure 2). The torque is recorded on a strip chart potenti¬ 
ometer. A bath is provided in which the temperature variation does not 
exceed ±;0.05°C. The top and bottom of the stator (inner cylinder) are 
cones of such an angle that the mean rate of shear is essentially the same 
at the ends as at the cylindrical part of the annulus. Lid, C, helps prevent 
elastic materials from pulling away from the stator under the shearing 
action applied. Viscosities are usually measured at two or three rates of 
shear in order to determine whether the asphalt is an essentially viscous 
(Newtonian) liquid or a non-Newtonian material. 

A simple rheological diagram is an arithmetic plot of shearing stress 
in dynes cm- 2 as abscissa versus rate of shear in sec- 1 as ordinate. On such 
a plot viscous materials give straight lines, whereas non-Newtonian 
liquids are represented by curved lines. If the same data are plotted on 
log-log coordinates, a more informative rheological diagram results, since 
straight lines are obtained with most asphalts for both types of flow. 
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On the log-log type of plot, which is illustrated in Figure 3, the slope 
(with respect to the rate of shear axis) of the line for simple viscous flow 
is always 1.0, whereas that for complex flow is usually less than 1.0. 
Asphalt A, which is indicated to be an essentially simple liquid in 
Figure 3, is the sol-type asphalt shown in Table 1. It will be seen from 
the rheological diagram that asphalts B and C are represented by lines 
with slopes of 0.80 and 0.50 respectively. These materials are the sol-gel 
and gel-type asphalts described in Table 1 and discussed above. It is 



convenient to use the slope of the line on the log-log rheological diagram 
as a measure of the degree of deviation from viscous flow, and this value, 
which is listed in Table 1 as degree of complex flow, c, indicates the 
colloidal nature of the asphalt. Only the well-dispersed sol-type bitumens 
(e.g., asphalt A) show essentially viscous flow at service (atmospheric) 
temperatures. As the dispersion becomes less complete and gel charac¬ 
teristics begin to appear, the flow becomes non-Newtonian or complex 
in character. The value of c (the slope of the lines in Figure 3) may drop 
to 0.30 but such a low value is exceptional. 

The chemical nature of the hydrocarbons in the petroleum from which 
an asphalt is prepared obviously affects the colloidal properties, and 
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consequently, the flow characteristics of the finished asphalt. Methods 
and degree of processing also have a marked effect on the colloidal and 
rheological properties of the material. Air blowing, in general, results 
in the appearance of more gel-type characteristics (complex flow) than 
are obtained by vacuum or steam distillation. The air-blowing process 
tends to convert the protective colloids or stabilizing agents present in 
the asphaltic residuum into asphaltenes, thus reducing the dispersing 
power of the continuous phase in the asphalt and increasing the amount 
of material to be dispersed. As the temperature of an asphaltic bitumen 
is raised, complex flow, if present, diminishes and may disappear entirely 
if the temperature is increased sufficiently. Illustrations of the effects of 
source, method of processing, degree of processing, and temperature on 
the rheological and, thus, on the colloidal properties of asphalt have 
been given by Traxler, Schweyer, and Romberg. 7 . 

All asphalts show some increase in consistency with time, jthat is not 
caused by loss of volatile components. Considerable experimental work 
involving the use of absolute viscosity data has established that the age¬ 
hardening of asphalt is dependent upon the source, the method and 
degree of processing, and the temperature at which the bitumen is main¬ 
tained during ageing. A sol-type asphalt such as asphalt A will show a 
very low rate of age hardening, as indicated by the asphalt ageing index 
(see AAI in Table 1). As the degree of complex flow increases (value of 
c becomes less), that is as the asphalt becomes more definitely gel-like in 
nature, the rate of age-hardening (AAI) increases rapidly. This is illus¬ 
trated by the data given for asphalts B and C in Table 1. 

The appearance of thixotropy in asphalts is further evidence of their 
colloidal nature. Complex flow, age-hardening and thixotropy are all 
dependent upon structure within the colloidal system. As the micelles 
are better dispersed in the continuous phase, all three phenomena tend 
to decrease in magnitude. 

Many of the uses for asphalt depend upon the ability of the material 
to deform without rupture and to recover elastically from small de¬ 
formations. For viscoelastic materials such as asphalt, this recovery is 
partial and frequently takes place over a considerable period of time. 
Also, the complications encountered rule out many of the methods com¬ 
monly used for determining the modulus of elasticity. Relaxation of 
stress has been studied recently 8 as a means of evaluating the elastic 
properties of asphalt. The viscometer illustrated in Figures 1 and 2 is 
suitable for making such measurements since it is equipped with a brake, 
J, for stopping the rotation quickly. The relaxation of stress is recorded 
on the chart, and if the relaxation is not too rapid, a fair idea of the 
elasticity is obtained by taking the time required for the stress to decrease 
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to one-half of its original value. An inspection of the data in Table 1 
shows that as the degree of complex flow increases (value of c becomes 
smaller) the asphalt becomes more elastic. This correlation is not sur¬ 
prising because both phenomena probably have their origin in the same 
colloidal structures. 

Change in consistency with temperature, commonly referred to as tem¬ 
perature susceptibility, is associated with the colloidal nature of the 
bitumen. With the degree of dispersion within the asphalt changing with 
temperature it is obvious that the same material may present an entirely 
different colloidal condition at two different temperatures. Further, the 
measurement of temperature susceptibility is complicated and confused 
by the presence of complex flow. Because of these facts most of the pub¬ 
lished data give erroneous ideas concerning the reactions of the asphalts 
to temperature change. Data obtained at high temperature are inade¬ 
quate for estimating the properties of the same sample at atmospheric 
temperatures. 


Dispersion and Flocculation of Asphaltenes 

Mack, 9 in a pioneering study of the constitution of asphalts, investi¬ 
gated the dispersing power of various amounts of petrolenes from dif¬ 
ferent sources for asphaltenes from several asphalts. Among his conclu¬ 
sions he stated: “Sols of asphaltenes from different sources in petrolenes 
whose oily constituents are solvents for asphaltenes, are viscous liquids 
of high viscosity. Asphaltene sols in petrolenes whose oily constituents 
do not dissolve asphaltenes, show plastic flow." In a somewhat later 
publication, Pfeiffer and van Doormaal 10 came to the same general con¬ 
clusion and also pointed out that the aromatic nature or content of the 
petrolenes is responsible for any ability they may possess for dispersing 
the asphaltenes. When asphaltenes from a particular source are blended 
with petrolenes from different asphalts the mixtures have properties 
similar to the asphalt# from which the oily fractions were obtained. For 
example, a blend made using petrolenes from a sol asphalt also has the 
properties of a sol-type material. Thus, it may be concluded that the 
chemical nature of the oily, dispersing (continuous) phase in an asphalt 
regulates to a great extent the colloidal and rheological properties of the 
bitumen. The asphaltenes from different sources appear to behave about 
the same, although obviously the amount of these high molecular- 
weight materials present will affect the fundamental characteristics of the 
asphalt. 

An illustration of the dispersing and flocculating ability of the dif¬ 
ferent materials present in the oily (continuous) phase of an asphalt is 
given in Table 2. A hard asphalt of 20 ASTM penetration at 25° C 
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was fractionated by treatment with rc-butanol and the insoluble material 
freed of solvent. After removing the solvent from the n-butanol soluble 
portion, the resulting heavy oil was fractionated with acetone at a low 
temperature to dissolve out the aromatic materials of high density and 

Table 2. Dispersion and Flocculation of Asphaltenes 


Blend I Blend II 

Composition 

Asphaltenes 4- resins, % 42.7 28.6 

Aromatic hydrocarbons, % 57.3 

Paraffinic hydrocarbons, % 71.4 

Tests 

Density, at 25°G 1.048 0.994 

ASTM softening point, R&B°C 52.8 53.9 

ASTM ductility, at 25°C, 5 cm/min, cm 104 16 

ASTM penetration, 100 gm/5 sec/25°C 77 110 

Viscosity, megapoises at 25°C and power 

input of 1000 ergs sec"" 1 cm" 3 2.0 2.1 

Degree of complex flow, c 0.80 0.50 

Stain index 1 10 


high refractive index. The material insoluble in acetone was the more 
paraffinic hydrocarbons of lower density and refractive index. Blends of 
the hard fraction (n-butanol insoluble) were made with each of the oil 
fractions to give products of about 2,000,000 poises viscosity at 25°C. 
It will be noted from the data given in Table 2 that blend I, made with 
the high density, high refractive-index material, is a transitional or sol-gel 
type of asphalt possessing only moderate complex flow, whereas blend II 
is a gel-type material with a high degree of complex flow, although it 
contains considerably less of the high molecular-weight, asphaltene-resin 
material. 

Eilers 3a has given an excellent discussion of gel structure in asphalt 
and uses variable colloidal structure to explain the important property 
of incompatibility which occurs between certain asphalts. 

* 

Stain Caused by Oil Exudation 

Considerable amounts of asphalt are used as an adhesive for various 
purposes and especially for bonding together sheets of paper in the manu¬ 
facture of shipping cartons. Certain asphalts when used for this purpose 
yield an oily exudate which stains the paper. Because of its unsightly 
appearance, such staining is considered very undesirable. 

A test has been developed 11 which makes possible a quantitative com¬ 
parison of the staining tendencies of different asphalts. The molten 
bitumen is poured into a mold, and when the material has solidified a 
number of discs of cigarette paper are placed in contact with the asphalt. 
The mold is screwed into a holder and the paper discs are held in firm 
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contact with the asphalt by a constant air pressure. After an established 
number of hours, at a constant temperature, the apparatus is taken apart 
and the number of stained papers are counted, omitting the sheet next 
to the asphalt surface. The number of stained papers is called the stain 
index of the bitumen. This test is not only of practical value but is of 
help in understanding the colloidal constitution of the asphalt. Table 3 
shows the effect of the colloidal nature of four asphalts on their staining 
propensity. The well dispersed sol-type asphalts A and AA, which were 


Table 3. Relation between Staining Propensity and 
Other Properties of Asphalt 

Sol-Type Asphalts Gel-Type Asphalts 


Process 

Asphalt 

A 

AA 

air-b own - 

C 

CC 

Tests 

ASTM softening point R&B°C 

50 

58.9 

65.6 

138.9 

ASTM penetration, 100 gm/5 sec/25°C 

50 

25 

53 

18 

Viscosity, megapoises at 25°C and power 
input of 1000 ergs sec” 1 cm -3 

3.2 

24 

23 

1360 

Degree of complex flow, c 

1.00 

0.95 

0.50 

0.40 

Stain index 

3 

4 

10 

26 


made from the same crude source and which show little or no deviation 
from simple, viscous flow, have low stain indices. Sample AA which had 
been processed (air blown) more than sample A shows slightly more 
staining propensity. This would be expected because the hard sample 
(AA) also showed slight evidence of complex flow (value of c = 0.95), indi¬ 
cating the appearance of some gel structure. On the other hand, the 
flocculated or less dispersed gel-type asphalts C and CC, which were both 
air-blown from the same residuum, show marked deviations from viscous 
flow and relatively high stain indices. Again, the more highly processed 
sample (CC) shows the greatest degree of complex flow, the most pro¬ 
nounced gel characteristics and the highest stain index. These examples 
illustrate quite clearly that staining, which results from exudation of oil 
from the asphalt, is a manifestation of the colloidal condition of the 
asphalt. 


Emulsification of Asphalt 

Considerable quantities of bitumen are utilized in the form of emul¬ 
sions of the oil-in-water type in order to avoid using molten asphalt for 
certain field applications. An extensive patent literature exists, 12 covering 
numerous methods of emulsification and a legion of emulsifying and 
stabilizing agents for the preparation of emulsions for many different 
purposes. 
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An alkaline aqueous solution of low surface tension is commonly used 
as the dispersing phase. A detergent material (e.g. soap) is especially 
effective as the solute, because the soap molecules concentrate at the 
bitumen-aqueous interface in such a manner that the hydrocarbon part 
of the soap is directed toward the asphalt surface and the carboxyl end 
of the molecule toward the water phase (Langmuir-Harkins theory). The 
effect of any protective colloids adsorbed on the asphalt surface is to 
prevent the too ready coalescence of the droplets of bitumen. Dispersions 
of bentonite clays have been used for many years as emulsifiers and 
stabilizers, and the so-called clay emulsions possess certain distinctive 
characteristics such as the drying of a film from the bottom up instead 
of from the top down, as in the case of the soap-stabilized emulsion. 

Most commercial emulsions are made in some kind of a colloid mill, 
although certain asphalts are so readily emulsified that the only equip¬ 
ment required is a good stirrer. Bitumens having a high aromatic hydro¬ 
carbon content and possessing the sol characterization discussed above 
are usually rather easily emulsified. When gel properties begin to appear, 
emulsification becomes more difficult. The difficulties also appear to be 
accentuated by a low acid number for the asphalt. It cannot be said that 
a low (less than 1.0) acid number always indicates poor emulsifiability, 
but an asphalt with a high acid number (more than 1.0) is seldom found 
to be unpromising as an emulsion base. 

In the use of either a simple mixer or an elaborate colloid mill for 
the manufacture of emulsion, the molten asphalt is brought into contact 
with the hot aqueous solution or dispersion. Most colloid mills create a 
thin film of the bitumen which in the presence of the aqueous phase 
breaks up into small droplets; in some dispersing machines thin threads 
of bitumen are formed which also divide to yield the droplets which 
usually are 1 to 5 microns in diameter. The smaller the particle size the 
more stable the emulsion is likely to be; also particle size and size dis¬ 
tribution are important factors in determining the consistency and flow 
properties of the emulsion. Two emulsions of the same phase composition 
may have different viscosities because of differences in particle size of the 
dispersed bitumen. Such differences may be obtained by varying the tem¬ 
perature of the asphalt and water and the shearing stress applied in 
preparation of the emulsion. It has been demonstrated 13 that particle 
size distribution has a pronounced effect on emulsion consistency. A com¬ 
parison of emulsions having the same phase composition and same 
volume per cent of dispersed phase showed that nonuniformity in particle 
size of the dispersed phase resulted in emulsions of lower viscosity. This 
principle is illustrated in Figure 4, which was taken from the publication 
referred to above. Emulsion A contained particles of uniform size which 
were less than 1 micron in diameter; emulsion B also was made up of 
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uniform particles but they were larger (2 to 3 microns in diameter). 
A decided drop in viscosity occurred when the two emulsions, similar 
in every way except for particle size, were blended. Creation of a wider 
range in particle size distribution by other means also results in decreased 
viscosity. It must not be assumed, however, that particle size and size 
distribution are the only factors influencing the rheological properties 
of asphalt emulsions. The nature and concentration of the colloidal 
materials present in the continuous phase, the presence of electrolytes, 
the pH of the medium, and probably other variables influence the prop¬ 
erties of the emulsion. For example, an increase in the amount of a 



Figure 4. Effect of particle size distribution on viscosity of asphalt emulsions. 


protein stabilizer, such as casein, soybean flour or cottonseed meal, results 
in an increase in emulsion consistency for a given asphalt content and 
particle size distribution. 

Lyttleton and Traxler 14 investigated the flow properties of over thirty 
different emulsions and concluded that each emulsion belonged to one 
of three groups, namely, plastic flow, inverted plastic flow or Newtonian 
flow, in that order of frequency. A commercial asphalt emulsion possess¬ 
ing Newtonian flow is a rarity; most of them are non-Newtonian liquids 
which show a decrease of consistency with increasing rate of shear. The 
non-Newtonian type which shows an increase in consistency with increas¬ 
ing rate of shear (the inverted plasticity type) is not usually encountered. 

If a series of asphalts made from a particular source are emulsified 
with the same emulsifying and stabilizing agents, the hardest asphalt is 
the most difficult to disperse. Also, it is usually difficult to obtain an 
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emulsion of proper stability when an asphalt of high consistency is 
employed. 

The involved forces which govern the stabilities of asphalt emulsions 
under various conditions present a challenging problem in colloid 
chemistry that no one apparently has attacked with sufficient vigor and 
ingenuity. The importance of the nature of the highly adsorbed lyosphere 
around the droplet of asphalt, which is composed chiefly of bound water 
and emulsifier, and the effect of electrolytes present in altering the charge 
on the particles and as dehydrating agents, are worthy of careful investi¬ 
gation. Effects of bacterial action on asphalt emulsions, especially on 
those containing protein stabilizers should not be ignored. The products 
of bacterial decomposition of the stabilizing agent, which result in 
changes in the pH and composition of the aqueous phase, may be re¬ 
sponsible for the changes in stability and consistency sometimes noted in 
emulsions subjected to several months of storage. 


Uses for Asphalt 

Approximately 60 per cent of the asphalt manufactured is consumed 
in the construction of roads and airports. Since there are numerous kinds 
of roads and pavements designed for various climatic and service con¬ 
ditions, it is to be expected that the properties of the bitumen used will 
vary considerably. Asphalt is employed chiefly in road building as a 
binder for the mineral aggregate (crushed stone, etc.); it also serves to 
prevent the entrance of water into the road surface. In certain types of 
construction, molten asphalt and hot stone are thoroughly mixed, laid 
on the prepared road bed, and then compacted by means of a heavy 
roller. For building rural roads and for situations where the use of hot 
asphalt would be inconvenient, the asphalt frequently is reduced to a 
fluid consistency at atmospheric temperatures by means of various grades 
of naphtha and the cutback asphalt mixed cold with the aggregate or 
soil. In this type of road construction most of the solvent is allowed to 
evaporate before traffic is permitted on the road. A sol-gel type of asphalt 
is commonly used in road building and the viscosity usually does not 
exceed 20 million poises at 25°C. The consistency desired depends to a 
great extent upon the climatic conditions and atmospheric temperatures 
to which the road will be subjected. Good adhesion to the aggregate is 
an important prerequisite for a satisfactory road-building asphalt. 

Asphalt emulsions have, to some extent, supplanted cut back asphalts 
in the construction of roads, footpaths, runways, etc., where the use of 
hot asphalt would be impractical. The emulsion used for any particular 
purpose is generally selected on the basis of its stability—that is, the 
rapidity with which the asphalt “breaks out” on the soil, sand or stone. 
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The breaking of an asphalt emulsion under such conditions is caused by 
the evaporation of the water and the inactivation of the stabilizing agents 
or protective colloids by small amounts of soluble salts picked up from 
the surface of the aggregate. In countries where the supply of petroleum 
is limited, emulsions are widely used in road building and other large 
projects in order to conserve the naphtha which would be consumed in 
the manufacture of cutbacks. Asphalts for the preparation of emulsions 
are usually of the sol type, with viscosities of 100,000 to 1,000,000 or 
more poises at 25°C. 

A large volume of asphalt is used in the manufacture of prepared 
roofing for homes and stores and in the preparation of built-up roofs 
for industrial buildings. In the manufacture of prepared roofings, a sheet 
of porous paper, called roofing felt, is dipped into hot asphalt, which 
drives out the air and moisture and fills the voids in the paper with the 
asphalt. The saturated sheet is then coated on both sides, at a high tem¬ 
perature, with a hard asphalt which is selected for its resistance to de¬ 
terioration by the weather. The asphalts selected for saturating the felt 
usually vary between one and 30 million poises at 25°C, whereas the 
viscosity of the coating asphalts may exceed 500 million poises at that 
temperature. Gel-type asphalts are used in roofing manufacture and of 
course, as has been pointed out above, the harder the asphalt the more 
pronounced are the gel characteristics. Some types of prepared roofings 
are dusted with fine mineral powder to prevent sticking of the asphalt 
coating when the roofing is rolled for shipment and storage. The better- 
prepared roofings have carefully graded colored granules pressed into the 
top surface during manufacture. These colored granules lend beauty to 
the roof and protect the asphalt surface from the action of sunlight, air, 
and rain, resulting in a longer service life. 

In the preparation of build-up roofs, used extensively on industrial 
buildings, successive layers of asphalt-saturated roofing felt and hot 
asphalt of the proper consistency are applied to the roof deck. The top 
layer of asphalt frequently has gravel or other mineral aggregate em¬ 
bedded in it to offer protection against the weather and any foot traffic 
that may occur. 

Numerous other uses and special applications for asphalt have been 
developed, which are commercially important although they consume a 
relatively small percentage of the total amount of asphalt manufactured. 
Paints, insulation, sound-deadening, waterproofing, rust-prevention, and 
paper-plying materials are examples of the special products encountered. 
Particular combinations of physical, rheological, and colloidal properties 
are necessary for these special purposes. For example, in paper plying, 
an asphalt possessing good adhesiveness for the paper and low stain- 
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ing propensity combined with the proper rheological characteristics is 
required. 

The many uses that have been developed for asphalt depend primarily 
upon its colloidal properties, which are reflected in its unique and 
varied rheological characteristics, adhesiveness for solid surfaces, water¬ 
proofing properties, and resistance to deterioration by the weather. 
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APPLICATIONS OF ANTONOFF'S LAW 


F. J. Nellensteyn 

Rijkswegenbouwlaboratorium, The Hague, Netherlands 


Surface-Tension Rule 

The surface-tension rule 1 gives the relationship between the surface 
tension of liquids which are completely miscible with the medium, the 
protective bodies of asphaltic bitumen, and the flocculating or peptizing 
properties of the mixture. When the surface tension of such liquids 
exceeds 26 dynes/cm at 25 °C, asphaltic bitumen is completely peptized. 
Liquids having a surface tension below 24 dynes/cm at 25°C are floc- 
culents. Between 24 and 26 dynes/cm an intermediate zone is observed 
wherein most asphaltic bitumens are dissolved, but some of the less 
stable systems are flocculated. Here, however, the surface tension does 
not act directly, but rather the interfacial tension micelle/medium, 
which AntonofFs law relates to surface tension by the following equa¬ 
tion: 

^micelle/medium ^ ^micelle/air “ ^medium/air 

When a medium/air is decreased by addition of a liquid of low surface 
tension, the o mioello/medium is increased; and this causes flocculation be¬ 
low a certain critical value of the solvent. 

The surface-tension rule has been tested out with many liquids of 
quite different natures; aliphatic and aromatic organic, as well as 
inorganic compounds. Although the interfacial tension^n*,^^ 
is not the only factor controlling these phenomena, the single exception 
found certainly may not be regarded as an exception to AntonofFs law. 

No sharp quantitative relationship exists between the amount of floc¬ 
culate and the surface tension of the flocculant, although the general 
tendency is for liquids of higher surface tension to yield smaller amounts 
of flocculate. In the case of tar, however, Duriez 2 deduced a formula 
based on the same principles, which gives a rather, sharp relation be¬ 
tween surface tension and flocculate: 

i k 

i°g —— =a<r 2 

P~Po 
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where o represents the surface tension, p the amount of flocculate, and 
p 0J k, and a are parameters. 

Application of AntonofFs Law to Liquid-Liquid-Liquid and Solid-Gas- 
Liquid Systems 

For systems consisting of three immiscible liquids, l v h> and l s , the usual 
formulation of AntonofFs law must be modified as follows: The three 
interfacial tensions are a ? 3 , and oi 2 i 3 . If the first of these repre¬ 
sents the highest value, then 

*hh m °hh + 

AntonofFs law for the liquid-liquid-gas system may be similarly written 

= °uq + %i 2 

where liquid l ± shows the highest surface tension. 

This generalization of AntonofFs law, indicating that in a three-phase 
system one interfacial tension is always equal to the sum of the two 
other interfacial tensions, leads to important conclusions for the solid- 
liquid-gas system. 3 Here we get three equations: 

°8 9 = <*IQ + *8l ( 1 ) 

*ig = ( 2 ) 

° 8 l = *80 + *U (3) 

These equations represent three possible wetting conditions: (1) for com¬ 
plete wetting; (2) for incomplete wetting; and (3) for complete non¬ 
wetting. This last condition cannot be realized in the solid-liquid-gas 
system, but only in the solid-liquid-liquid system. 

The surface tension is in reality free surface energy; 4 the surface- 
tension equations may also be deduced as a free surface-energy problem. 
Keeping this in mind, the validity of AntonofFs law may be easily 
checked for the solid-liquid-gas system, in the case of complete wetting. 

The rise of liquid in a nonwetted capillary tube is equal to that in 
a capillary tube which has previously been wetted. 5 In the first case the 
rise is caused by o 8 g—o 8 i, in the second by oi g . Therefore 

#80 *sl “ *lg Or ~ *lg 4* &sl 

Incomplete wetting may develop an acute, a right, or an obtuse contact 
angle. 

Determination of the Free Surface Energy of Solids 

In the case of an acute contact angle, e.g., in the system glass-mercury- 
air, the free surface energy of the glass may be calculated from the fall 
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of the mercury in the glass capillary, the adhesion tension a=o sZ — o 8g - 
In the case of incomplete wetting, 6 


Whence 


*10 ~ *sl + *so 


*S0 = h(*io - «) 

A variation of this method has been given by Loman and Zwikker, 7 
who calculated a from the angle of contact of mercury on various 
minerals. 
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THE RELATIONSHIPS BETWEEN CONSTITUTION 
AND MODE OF ACTION OF SOAPLIKE 
COLLOIDAL ELECTROLYTES 


A. Chwala 

Technical University, Vienna 
(Translated by Jerome Alexander) 


The extraordinary growth which has taken place in the production of 
synthetic soaplike agents, especially the so-called anion soaps , 1 makes it 
seem desirable to examine the extent of our knowledge of the relation 
between the chemical constitution of these soaplike colloidal electro¬ 
lytes and their colloidal properties. 

By way of anticipation it should be said that exhaustive investigations 
during the last twenty years in the field of soaplike colloidal electrolytes, 
especially on their state of aggregation in water dispersion, have led to 
a series of interesting particulars. 2 What may be looked upon as a funda¬ 
mental result of these investigations of various anionic and cationic 
soaps * is the fact that above a certain concentration known as the 
“critical concentration,” anionic and cationic soaps can exist mainly in 
an aggregated state, that is, in the form of so-called ionic micelles, con¬ 
cerning which opinions still diverge as to the mechanism involved and 
kind of aggregation as well as to the size of the aggregates, i.e., the 
micelles. A fact which is of significance in practice is that soaplike 
colloidal electrolytes, predominantly the anionic soaps, are always used 
in such concentrations that the compounds are dispersed in the water 
only in the form of colloidal aggregates. Hence it is clear that universal 
relationships between the constitutional fine-structure of anionic and 
cationic-soaps and their colloid-chemical behavior must always depend 
functionally upon the fine structure of their micelles. Since, however, 
direct methods for the determination of the fine structure of micelles 
are lacking, such a relationship between micelle structure and the con¬ 
stitution of capillary-active substances cannot be directly indicated. On 
the other hand, the capillary action of anionic and cationic soaps is 

* Conductivity measurements are mainly involved here, as well as determinations of 
electrochemical nature. 
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Table 1. Various Soaps and Modified Soaps 


Class Designation 

Chemical Nature 

Chemical Formula 
(R = aliphatic hydrocarbon residue) 

Trade Name 

Soaps 

Alkali and amine- 
salts of higher mo¬ 
lecular fatty acids 

JSCOONa [K,N(C 2 H 4 OH)s] 


Modified and 
polyvalent 
soaps 

Oleylsarcoside- 

sodium 

72CONCH 2 COONa 

Ah s 

Medialan A 


Alkylsulfamide de¬ 
rivatives 

/eSOjNHCHjCOONa 

EmulphorSTH 


Protein—oleic acid 
chloride condensa¬ 
tion products 

flCONHfl'CONHfl" 

ioONa 

Lamepon A 


Sodium alkylmalo- 
nate 

COONa 

/ 

R —CH 
- ; \lOONa 

None 


Polyacrylate 

r— ch—ch 2 —I 

L COONa Jx 

Rohagit 


Sodium cellulose gly- 
colate (methoxy- 
carbonate) 

Cell—O—CH 2 COONa 

CMC 

Tylose 

Relatin 


directly connected with the fine structure of the micelles, so that one 
can characterize such relationships without being able to give more 
precise data as to the structure of the aggregated anionic or cationic 
soap particles. In this connection, it should be mentioned that we do 
have more exact knowledge of the nature and structure of such aggre¬ 
gates which are measurable rontgenographically. Such relatively coarsely 
dispersed particles appear at a conbentration (known as “critical concen¬ 
tration,” and called the “rontgenographic index”) which is, however, 
considerably higher than that “critical concentration” at which, on the 
basis of conductivity measurements, a sudden change in the state of 
aggregation must take place. While the latter, in the case of the usual 
commercial products, sets in at concentrations of less than 1 gram per 
liter, the rontgenographically detectable colloidal particles appear only 
at concentrations of 30 to 50 grams per liter. As is known, one works 
in practice with solutions which contain 1 to 2 grams per liter, so that 
the rontgenographically measurable colloidal particles may be neglected 
in considering the relationship between molecular fine structure and 
capillary-active phenomena. 

It may furthermore be considered as proven on the basis of recent 
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Table 2. Status of Various Sulfuric Acid Esters 

Chemical Formula 

Class Designation Chemical Nature (A = aliphatic hydrocarbon residue) Trade Name 


Sulfonated 
oils and fats, 
mainly cas¬ 
tor oil 


(a) Salts of sulfuric R —CH— R f —GOOH (Na) 
acid, esters of oleins \ 

and fats with free OSC^Na 
carboxyl groups 
and intermediately 
placed sulfo groups 


Turkey red oil 
Higher sulfo¬ 
nates 


(b) Salts of sulfuric 
acid esters of oleins 
and fats with 
carboxyl groups 
blocked (a) by low 
molecular alcohols, 
e.g., Na-sulfonate 
of castor oil butyl- 
ate esters (jS) by ali¬ 
phatic or aromatic 
amines, e.g., Na- 
sulfonate of castor 
oil—N-methylani- 
lid 


R —GH— R' —COOC4H 9 

bsOaNa 

R —CH— R '—CON \ 

/ / ' 

OSOsNa GH 3 


Avirol AH 
extra 


Humectol GX 


Fatty alcohol 
sulfonates 
(alkyl sul¬ 
fates O-sul- 
fonates) 

Normal, primary al¬ 
kyl sulfates (ob¬ 
tained from natural 
fatty alcohols or by 
hydration of natu¬ 
ral fatty acids) 

R— O—SO s Na 

Gardinol 

(Duponol) 

Fewa 


Secondary alkyl sul¬ 
fates (from synthet¬ 
ic fatty alcohols, 
e.g., from petro¬ 
leum or from fatty 
alcohols by the 
“OXO” process) 

R —GH— R' 

(t)SOaNa 

“Tergitol” 

Teepol 

Fatty acid eth- 
anolamine 
sulfonates 

Alkali salts of sulfuric 
acid esters of higher 
molecular fatty acid 
ethanol amides 

*CONHC 2 H 4 —OSOsNa 

Alframin 

Sulframin 

Sulfonates of 
mono-fatty 
acid esters 
of polyalco¬ 
hols (glycol, 
glycerin, 
pentaeryth- 

rit) 

Fatty acid monoglyc¬ 
eride sulfate 

£COOCH 2 CHOHCH 2 OSO s Na 

Vel 

Alkylthiosulfate 

R— S—SOaNa 

•"s ; i i 

Only of theo¬ 
retical in¬ 
terest 


work 3 that the capillary activity of anionic and catiohicrsoaps involves 
the formation of an adsorption layer one or, at the most, several mole¬ 
cules thick. The specificity of surface activity involves an additional 
factor to be considered, namely the relation between detailed molecular 
structure and the ability to form the most perfect molecular layers. 
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Table 3. Various Sulfonates 


Qass Chemical Formula 

Designation Chemical Nature (R - aliphatic hydrocarbon residue) Trade Name 


True sulfo- Normal alkyl sulfonates R — SO3H (Na) 
nates (C- 
sulfonates) 


Only of theo¬ 
retical in¬ 
terest 


Secondary alkyl sulfo- R —CH— R' 
nates made frompe- I 

troleum by direct sul- S0 3 Na 

fonation (unimpor¬ 
tant) or by chlorosul- 
fonation or sulfooxi- 
dation from paraffin 
hydrocarbons 


Mersolat H, 30 
Duponol 646B 


Modified 

alkyl 

sulfonates 
(fatty acid 
condensa¬ 
tion 

products, 

etc.) 


Fatty acid esters of oxy- 
ethane sulfonates 

/?C00C 2 H 4 S0 3 Na 

Igepon T 

Arctic SyntexA 

Diester of sulfosuccinic 
acid 

NaSOa—CH—COO R 

(A-COO R (R’) 

Aerosol 

Deceresol 

Fatty acid methyl tau- 
rides 

£C0N(CH 3 )C 2 H 4 S0 3 Na 

Igepon T 

Arctic SyntexT 

Fatty acid amides of 
aminomethane sodi- 

RC0NHCH 2 S0 3 Na 

Igepon Substi¬ 
tute 


um sulfonate 


Aromatic Higher molecular esters 

sulfonates of sulfobenzoic acid 
(alkyl aryl 
sulfonates) 


COOR 

A 

—S0 3 Na 

\/ 


Alkyl benzol sulfonates 
(e.g., sodium dodecyl 
benzoate) 


R 


|^J—SOaNa 
(R generally branched) 


Nacconol NR 
Santomerse D 
Oronite 


Sulfonates of higher Melioran F 6 


Alkyl naphthalene sul¬ 
fonates 


/*VN 


—SOsNa 

w 

(/t generally short-chained) 


Nekal 
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Table 3 Various Sulfonates— Continued 


Class 

Designation 


Chemical Formula 

Chemical Nature (R = aliphatic hydrocarbon residue) Trade Name 


Sulfonates of Alkyl benzimidazol 
hetrocyclic sulfonates 
com¬ 
pounds 



Alkylamide azoline 
sulfonates 


* N—CH2 
RC ^ 

isHiSOaNa 



*<*-t 


-N—GH 2 


!H 2 



Ultravon 


Alkly triazine sulfonates 


NH 


Eriopon Ac 


N 


/ >0,Na 


C—R 


C—N 

k 


(GH 3 ) 2 


Obviously, the thicker and more firmly packed the molecules in such an 
interfacial layer, the greater will be its stability as compared with a 
layer in which single molecules are held in loose order. On the other 
hand, the formation of a well-ordered interfacial layer demands more 
time and energy than one of irregular structure. This consideration has 
practical significance. 

Until comparatively recent times the only soaplike colloid electrolytes 
known (especially among anionic soaps) were for the most part products 
made from natural fats and oils; but in the last decade numerous new 
products have been developed whose molecular structure is quite dif¬ 
ferent. It is thus possible to test out the properties of these modified 
anionic soaps and to work out in broad outline the relation existing 
between their molecular and micellar structure and their capillary 
activity. In order to get the overall picture, it is advantageous to con¬ 
sider, in Tables 1, 2, and 3, the anionic soaps at present known, and 
their chemical constitutions. 
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Classification of Anionic Soaps 

These three tables show that anionic soaps fall into several large 
classes, each sub-group containing compounds whose hydrocarbon resi¬ 
due is either a straight chain or only slightly branched, or it shows a 
more or less marked branching. It is known that the specificities of the 
anionic and cationic soaps are in every instance consequent on a hydro¬ 
phobe hydrocarbon residue of high molecular weight being brought 
into aqueous dispersion by an ion-active group which is solvated by 
water. It is merely the balance of forces between the solvation tendency 
and the water-repelling tendency of the hydrocarbon residue that deter¬ 
mines the labile condition of such particles in aqueous dispersion, and 
alterations in this balance must show itself in variations in the capillary- 
active behavior. Experience has shown, especially in the study of homol¬ 
ogous series of anionic and cationic soaps, that these changes in capil¬ 
lary activity are relatively small when compared in regard to the surface 
or interfacial tension, and in general yield no extensive insight on prac¬ 
tical tests. Quite different theoretical considerations are suggested by 
measurements made on diverse substances, as shown by anionic soaps 
found in use recently. 

For the first time there emerges the great influence of the configura¬ 
tion of the hydrocarbon residue on the capillary activity. It was, indeed, 
already known that on making sulfates from unsaturated oleyl alcohol, 
the interior arrangement of the sulfo acid ester groups has an influence 
on the effectiveness of washing, but it was not then possible to gain a 
general view of the connection between constitution and capillary activ¬ 
ity. Recent work on isomer mixtures of fatty alcohol sulfates, alkylsul- 
fonates and alkylarylsulfonates unite in showing that such a relation 
exists to a greater extent than might be expected, and also shows the 
nature and direction of such differentiation. It must be emphasized that 
such differences reflect only partially the influence of surface or inter¬ 
facial tension, but show up in practical use by giving desirable or un¬ 
desirable properties. 

Before going into details as to utilization of these properties, the 
following general remarks are in order. Molecules having the same 
number of carbon atoms per molecule show, with increasing branching 
of the alkyl residue, a progressive decrease in length measured in the 
direction of the main chain. Experience indicates that it is not practical 
to have thg length of the straight alkyl residue less than a certain 
minimum, hnd this independent of greater or lesser branching. Branch¬ 
ing of the alkyl residue may exist in the raw material (i.e., in such 
products as are derived from the naturally highly branched hydrocarbon 
mixtures found in petroleum); or the branching may first arise because 
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of the process used in making the product in question, as is the case 
with alkane sulfonyl chlorides or the sulfonates derived from them. This 
opens the door somewhat to the possibility of controlling the relative 
amounts of branched chains and straight chains. Suitable choice of raw 
materials permits a certain voluntary degree of variation. In the case 
of processes resembling the above-mentioned chlorosulfuric acid reac¬ 
tion products, wherein the sulfuro-chloridization may attack any por¬ 
tion of the molecule, the choice of a linear starting material does not. 
preclude complete branching. This is evident from the following dia¬ 
gram , 4 applicable especially to the isomeric cetane sulfonates. 

(1) C 16 H33S0 3 Na 

(2) C 14 H 29 CH—CH S 

S0 3 Na 

(3) C, 3 H 27 CH—C 2 H« 

SOjNa^i'o.' 

(4) C^HfcCH—C 3 H 7 

SOsNa 

(5) CnHsaCH—C«H» 

SOaNa 

( 6 ) C 10 H 2 I CH—C 5 H u 

SOaNa 

(7) CdHidCH—C 6 Hij 

SOaNa 

( 8 ) C 8 H 17 GH—C r H 15 

SOaNa 

In this chosen instance the branching cannot be arbitrarily influ¬ 
enced. At best, by starting with a laydrocarbon of selected chain length, 
the shorter alkyl residues formed by treatment with sulfur dioxide find 
chlorine may be somewhat different in length; but as the diagranTin- 
dicates, branching once established cannot then be altered. 

These considerations lead to the view that with modern anionic 
soaps we are often dealing not with'individual chemicals as is the case 
with soaps, with the original fatty ! alcohol sulfonates, or with the so- 
called fatty acid condensation products; we are dealing rather with a 
mixture of various isomers which are formed even if we start out orig¬ 
inally with a single individual substance, cetane for example. This 
last assumption, however, does not apply in actual practice, where 
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the raw material itself is a mixture of various hydrocarbons with branch¬ 
ing forms and different chain lengths. It is evident, therefore, that under 
such conditions the final product must consist of mixtures of different 
isomeric sulfonates having quite different chain lengths. In such an 
indefinite mixture it is obviously impossible to determine or to describe 
with scientific accuracy the relationship between molecular constitution 
and capillary activity, because the diversity of the chemical individuals 
leads to a criss-crossing of properties, and only an average resultant is 
determinable. However, by selecting certain typical substances made 
from a single substance which could be regarded as a chemical indi¬ 
vidual, it was possible by roundabout methods to produce products 
which though containing isomers, nevertheless had exactly the same 
number of carbon atoms per molecule. Investigations with such sub¬ 
stances could for the first time lead to generally applicable conclusions. 


Principles Governing the Behavior of Anionic Soaps 

As a result of such experiments made by various investigators 5 the 
following general principles emerged: 

(1) For a homologous series of anionic soaps the capillary activity at 
a given temperature shows an optimum value where there is a certain 
relation between the hydrophobe and the hydrophile portion of the 
molecule. Obviously this is tied to an optimum lability of the colloid¬ 
ally dispersed particles. Of course the degree of dispersity can be influ¬ 
enced by the addition of electrolytes to their water solution, over and 
above the relationship between the hydrophobe and hydrophile parts of 
the molecule of the soap-like substance. Particles too finely dispersed, 
e.g., with small or highly branched hydrocarbon residues, have their 
capillary-active properties improved by slight additions of electrolytes. 
Capillary-active substances with intermediate length of hydrocarbon resi¬ 
due are only slightly improved by addition of electrolytes. In all cases 
excessive additions of foreign electrolytes lead to reduction of interfacial 
activity. 

(2) On the introduction of a second or a third hydrophilic electro- 
valent group the capillary activity is reduced or even increased, in which 
case it is immaterial whether the hydrophile electrovalent groups adjoin 
or are separated by hydrophobe hydrocarbon residues. 

(3) The capillary activity, as determined by wetting and permeability 
tests, is favorably affected by very extensive branching of the hydro¬ 
carbon residue, providing the straight chain unbranched portion does 
not fall below a certain minimum. 

On the basis of these general considerations the following conclusions 
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may be drawn as to the use of anionic soaps, conclusions which are 
continually confirmed in actual practice: 

(a) Interfacial behavior is certainly determinative as a practical test 
for the various anionic soaps, but not always exclusively so. Other col¬ 
loid chemical properties, e.g., colloid protection, may also exercise a 
marked influence. 

(b) The wetting-, dispersing-, and cleansing agents in practical use 
appear to have only one electrovalent group in the molecule. 

(c) With powerful wetting agents, used mainly to wet and penetrate 
textile materials, without necessarily developing marked dispersive 
power and the like, it is in general necessary that the alkyl residue (or 
residues) of the molecule be as widely spread out as is possible—always 
assuming that there is proper balance between the hydrophobe and 
the hydrophile part of the basic molecule. Here is its relatively unim¬ 
portant whether the solubilizing electrovalent groups are directly 
attached to the alkyl residue, or whether the alkyl residue is carried 
by an aromatic or hydroaromatic hydrocarbon skeleton, or else another 
type of atom (e.g., oxygen of a COO—group) is inserted between the 
hydrophile groups. The position of the electrovalent, anion-active groups 
in a molecule has no pronounced influence on the wetting power. 

(d) In contradistinction to what is stated above under (c) regarding 
wetting power, real washing and dispersion agents require for optimum 
activity as straight and as unbranched an alkyl residue as possible. The 
nearer the solubilizing anion-active group is to the end, the better the 
washing power. It has, however, been definitely established that higher 
molecular soap-like substances (anionic soaps) develop a very consider¬ 
able washing power, if their alkyl residue is more or less branched, or 
if the anion-active group is placed more or less centrally. In the latter 
case it is only necessary to make sure that the branched alkyl residue 
does not exceed minimum dimensions. The nature of the anion-active 
group is not critical here. The same rules govern with COONa-, S0 4 Na-, 
and SOoNa- groups, i.e., with true soaps, with fatty alcohol sulfates, and, 
with real alkyl sulfonates or alkyl aryl sulfonates. 

The fine structure of the hydrophobic part of the molecule, i.e., the 
position of the anion-active, electrovalent group, is also of great sig¬ 
nificance, because other properties in addition to interfacial activity are 
thereby affected. The washing process demands more of the washing 
agent than mere wetting and dispersion of the particles of soil. There 
must also be adsorptive power and the ability to form a stable adsorp¬ 
tion layer around the dispersed particles of dirt. These are properties 
known to the practical man as “dirt-carrying power” or “washing re¬ 
serve.” For example, if the colloid nature of the washing material is 
depressed by too great a branching of the hydrocarbon residue, the dirt- 
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carrying power is diminished and the washed goods become “gray,” be¬ 
cause the already dispersed soil particles are again readsorbed by the 
textile fibers. In cases where a natural tendency to marked branching 
cannot be overcome by deliberately influencing the hydrophile and the 
hydrophobe portions of the molecule, say by choice of an initial sub¬ 
stance of higher molecular weight, it is nevertheless possible to secure 
a practically satisfactory washing agent by adding other aidful substances 
having marked protective colloidal action, e.g., sodium cellulose 
glycolate. 

(e) In addition to wetting and washing capacity, the colloid chemical 
properties are quite generally depressed by increasing branching of the 
hydrophobe hydrocarbon residue in the direction of increasing hydro- 
philicity. In such cases where the main valence chain contains 10 to 14 
carbon atoms, the interfacial activity is in general favorably influenced. 
If the basic molecule has 14 to 18 carbon atoms, marked branching of 
the hydrophobic hydrocarbon residue is advantageous, because it leads 
to clear, concentrated solutions. The main disadvantage of a too highly 
branched alkyl residue, or an anion-active group in too central a posi¬ 
tion, lies in the fact that the hygroscopicity of such anionic soaps is 
greatly increased, making it difficult or impossible to produce the 
product in powdered form. 
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Editor's Note 

The ever-expanding use of synthetic detergents is giving concern to 
those who control the plants where sewage and trade wastes must be 
treated. Very stable and well-protected dispersoids formed by use of these 
detergents may prevent formation of settleable aggregates at any practic¬ 
ally obtainable pH. The populations of microorganisms and the activities 
of their enzymes may be seriously affected. The effect of the detergents in 
removing or preventing formation of protective films of lime soaps, etc., 
on sewer pipes, must be considered. See paper by H. H. Goldthorpe, 
W. H. Hillier, G. Lumb and A. S. C. Lawrence, with discussion, in Chem¬ 
istry and Industry, Oct 1, 1949; also “The Future of Synthetic Detergents 
in Relation to the Petroleum-Chemical Industry," by A. K. Simcox, 
Chemistry and Industry, March 11, 1950. 




THE RELATION BETWEEN CHEMICAL STRUCTURE 
AND PERFORMANCE OF DETERGENTS 


D. S. P. Roebuck 

Nickell Research Labs,, Monsanto Chemicals Ltd., Ruabon, N . Wales 


Surface activity (and practically all detergents fall within the category 
of surface active material) is a property associated with a group of com¬ 
pounds lying between the classifications soluble and insoluble, whose 
solutions may pass from true to colloidal state by a small change in com¬ 
position. This duality of character arises when soluble and insoluble 
groups are combined in the same molecule. This may be done in two 
ways: a large insoluble group and a single solubilizing group may be 
combined, as in the case of the sodium alkyl sulfates, or a series of small 
units, each containing both soluble and insoluble functions may be com¬ 
bined, as in the polyethylene glycols. As would be expected, the transition 
from true to colloidal solutions by limited molecular association is only 
a marked characteristic over a relatively limited range of molecular 
dimensions. Surface activity, arising from the adsorption of a solute in 
the surface layer of its solution is yet another manifestation of the duality 
of character of the capillary-active group of compounds. 


Detergency 

Detergency is a process of change from a system of interfaces consisting 
of a surface-contaminant and a contaminant-air interface, to one involv¬ 
ing only a surface-air interface, the contaminant having been removed 
in the course of transition. The transition, brought about by the agency 
of the detergent solution, must go through several intermediate steps. 
It will be necessary to establish an interface between the solution and the 
contaminant, a contaminant-air interface being replaced in the process. 
The adhesive forces acting between the contaminant and soiled surface 
must be broken down, the contaminant being displaced into the body 
of the solution, and an interface of surface-detergent established. Subse¬ 
quently the detergent-surface interface must be changed by a rinsing 
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process to a surface-solvent interface, which by evaporation will ulti¬ 
mately give rise to a surface-air interface. 

The first stage, the replacement of a contaminant-air interface by a 
contaminant-solution interface, implies that the detergent solution shall 
wet the contaminated surface. This condition is considered in the well- 
known theorem, Niemann's triangle, which considers the stability of a 
liquid drop placed on a surface. If ySA, yLA , ySL are the interfacial 
tensions associated with solid and air, liquid and air, and solid and liquid 
interfaces respectively, the condition that the drop shall be in equilibrium 
on the surface is given by the equation 

ySA = yLA cos 0 + ySL 

where 6 is the contact angle. That is, the energy required to replace unit 
surface-air interface by liquid-air interface (ySL—ySA) is — yLA cos 6. 
This has a negative value for 9 between 0 and 90°, and a positive value 
when 9 is greater than 90°; hence w r etting occurs for values of 6 less than 
90°. It may be noted that for most effective detergents 0=0, and their 
relative wetting efficiencies w r ill depend on the energy gain ( ySL—ySA ). 
The critical factor, ySL, is a property determined equally by the nature 
of the detergent and contaminant. 

The breakdown of the surface-contaminant forces, which must follow 
wetting out of the soiled surface, can involve a range of bond strengths 
from w r eak van der Waal's attraction to relatively powerful polar bonds, 
dependent on the nature of the partners giving rise to the interface. It is 
to be expected, therefore, that this stage in the detersive action will in¬ 
volve an activation energy which may under some circumstances be con¬ 
siderable. If detersive action is to occur, the reaction: 

Surface-contaminant 4- Detergent —> Surface-detergent + Contaminant 

must be energetically favored. At the same time, the surface-detergent 
complex must not be sufficiently stable to prevent the ultimate removal 
of the detergent by a rinsing process. Furthermore, it is necessary that 
the soil removed from the system shall be held in solution or suspension 
sufficiently tenaciously to prevent its ultimate redeposition on a freshly 
cleansed surface. 

In viewing detersive action in relation to chemical structure, it will be 
necessary to take all the factors noted above into consideration together 
with other properties, such as the sensitivity of the aqueous solutions of 
the detergents to polyvalent ions, which may impose a serious limitation 
on the utility of an otherwise satisfactory structure. 
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Wetting and Penetration 

In order that effective detersive action may occur, rapid wetting of the 
contaminated surface is an essential primary condition. It is pertinent, 
therefore, to consider the phenomena involved in reduction of surface 
and interfacial tensions of a solvent by a solute, since low interfacial 
tensions are a necessary condition of ease of wetting. 

The early researches of Gibbs revealed that reduction of surface ten¬ 
sion of a liquid by a solute is associated with the adsorption of that 
solute in the liquid surface. This property is exhibited by a large class 
of compounds having in their structures both hydrophobic and hydro¬ 
philic groups. Of this large group, those compounds which are found to 
have useful detergent properties constitute a smaller group of compounds 
capable of giving rise to solutions exhibiting colloidal properties. It is 
necessary, therefore, to consider the structure of the solute in respect to 
two interrelated phenomena: namely, reduction of interfacial tension 
and molecular associations giving rise to aggregates of colloidal dimen¬ 
sions. The reduction of interfacial tension is essentially a function of the 
interfacial layer of material containing an excess of solute over that con¬ 
tained in the interior of the solution, owing to adsorption of the solute 
in this layer. The mechanism of the adsorption process and the nature 
of the adsorbed layer are therefore of importance. A consideration of the 
dynamic aspects of the system serves to indicate the means by which 
adsorption occurs. 

In the interior of the liquid the solvent and solute molecules move 
chaotically with equal velocities, according to their respective thermal 
translational energies, in all directions; and uniform concentration of 
solute exists throughout the system. At the interface, however, the two 
molecular species are subject to attractive forces directed inwards towards 
the liquid. These forces are unequal, the solvent molecule suffering a 
greater pull than the solute molecule with its large hydrophobic group. 
Initially the ratio of the number of solute to solvent molecules reaching 
the surface will be determined by the concentration of solute present. 
The ratio of the numbers of solute to solvent molecules returning from 
the surface will, however, be lower, as a result of the different attractive 
forces on the two species. Equilibrium will be reached, therefore, only 
after a surface excess of solute has been established, so that the numbers 
of solute molecules reaching and leaving the surface in a given time are 
equal. An adsorbed film of solute molecules is thus set up. The investiga¬ 
tions of Langmuir, Harkins, and others into the structure of adsorbed 
monolayers has revealed that these films derived from soluble materials 
are gaseous in nature, unlike the condensed liquid or solid monolayers 
obtained by spreading insoluble substances on a liquid surface. 
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Measurement of the colligative property, surface tension, 19 refractive 
index, 7 ' ®- 11 electrical conductivity, 21 - 28 etc., of a surface-active solute, for 
a range of solutions of various concentrations, reveals a discontinuity in 
the relationship between the measured property and concentration. This 
discontinuity is associated with the appearance of colloidal aggregates 
of solute molecules in the system, and is generally referred to as the critical 
micelle concentration. It is significant that for concentrations lower than 
the critical micelle concentration, each successive increment of surface- 
active agent produces a marked lowering of surface tension, while further 
additions after the critical micelle concentration has been reached cause 
very little further diminution of surface tension. 

It was initially suggested by Murray 17 and subsequently supported by 
the studies of Powney and Addison, 19 working with highly purified 
sodium alkyl sulfates, that reduction of the surface tension of a solvent 
by a solute capable of giving rise to colloidal solutions was a property 
arising from the presence of free-solute molecules, and to which the col¬ 
loidal aggregates contributed to only a minor extent or not at all. More 
recently, and this work will be referred to again below, Preston 20 has 
provided an extension of this theory, having obtained experimental evi¬ 
dence that detersive efficiency, as measured by launderometer technique, 
also depends on the unaggregated solute molecules present in the 
solution. 

We have indicated above that the adsorbed surface excess of solute 
behaves essentially as a gaseous film, and it is convenient to carry this 
analogy a little farther. In the case of the two-dimensional gaseous system, 
we may assume that the solute concentration is analogous to pressure in 
a true gaseous system in three dimensions, and we may therefore consider 
the collision frequency between solute molecules in the adsorbed films 
to be determined by the concentration of molecules. As in a three- 
dimensional gaseous system, deviations from an ideal gas law r will arise, 
since the collisions between adsorbed solute molecules moving laterally 
in the adsorbed layer will not be perfectly elastic, and these deviations 
will be increasingly significant as the concentration increases. Ultimately, 
a concentration will be reached at which the contact time between collid¬ 
ing molecules will be similar to the time elapsing between one collision 
and the next, thus initiating the formation of a condensed phase. It seems 
reasonable to suppose that the onset of molecular association will first 
appear in the adsorbed surface layer, since this is the region of higher 
solute concentration. Furthermore, since the association would be ex¬ 
pected to arise from interaction of the hydrophobic hydrocarbon portions 
of the molecule rather than from the similarly charged ionic hydrophilic 
groups, the hydrophilic property of the associated complex will bear a 
simple additive relationship to the number of molecules in the complex. 
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whereas the hydrophobic function will be less than additive, to the extent 
to which molecular hydrophobe-solvent interface has been replaced by a 
molecular hydrocarbon-hydrocarbon interface in the process of associa¬ 
tion. The complex associated structure therefore becomes less hydro- 
phobic and more hydrophilic in nature than its component molecules, 
and will therefore be withdrawn from the surface layer into the body of 
the solution. In this way, by making the very reasonable assumption that 
the onset of micelle formation occurs in the region of maximum solute 
concentration (the surface), we may readily understand the coincidence 
of the critical micelle concentration with the attainment of maximum 
reduction of surface tension, and the unique importance of single-solute 
molecules in reduction of surface and interfacial tensions. 

The mechanism outlined above may be summarized as a cyclic process: 

A 

Free solute molecules ^ Solute molecules ad- 
in the liquid sorbed in the surface 


DU UB 

G 

Micelles in the ^ Associated molecules 
liquid adsorbed in the sur¬ 

face 

It is apparent that as the hydrophobic portion of the molecule is in¬ 
creased in size, the tendency to adsorption in the surface layer for a given 
homologous series will also increase, with consequent improvement in 
efficiency of wetting and penetration; this gain, however, may be offset 
if simultaneously the tendency to associations also increases. That the 
opposing factors, surface adsorption and association, are in fact both 
favored by emlargement of the hydrophobic portion of the molecule is 
indicated by several studies 3 * n * 7 * 24 * 20 * 28 of the variation of critical micelle 
concentration * on ascending a homologous series. It is generally found 
that, for a homologous series, the critical micelle concentration is related 
to the number of carbon atoms ( N) in the hydrocarbon chain by an ex¬ 
pression of the form: 

log CMC - k z N + h 

where k z and A 4 are constants, k z being negative, and the expression is 
limited to a fairly narrow range of carbon atoms. 

. Having considered the adsorption process at the surface of the solute, 
it is now necessary to refer briefly to the nature of the associative forces 
which are responsible for micelle formation. In the case of detergents 
having a polar hydrophilic group, it is immediately apparent that asso¬ 
ciation must be a function of the hydrophobic portion of the molecule 
which is remote from the polar influence of the hydrophilic group. 

* This is abbreviated to CMC. 
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Collisions between solute molecules will be effective as associations if the 
van der Waal's attractive forces at the point of impact of the molecules 
exceed the polar repulsive forces. This condition can only be satisfied if 
the molecular weight of the hydrocarbon portion of the molecule is 
above a definite minimum value which is determined by the nature of 
the polar head; however, this minimum will rise with progressive branch¬ 
ing of the hydrocarbon chain. The influence of the shape of the hydro- 
phobic portion of the molecule has been studied by McBain and Brady 13 
and Hartley. 6 These authors have demonstrated that the onset of micellar 
aggregation is controlled by the ease of packing of the molecules. Thus, a 
detergent having a straight carbon chain shows a lower CMC than one 
having a branched chain of the same molecular weight, and the latter, 
in turn, has a lower CMC than a molecule whose hydrophobic unit is 
made up of the less readily packed polycyclic hydrocarbon. 

It is evident that, from the point of view of wetting and penetration, 
there will be an optimum balance of hydrophobic and hydrophilic prop¬ 
erty in the molecule. For a given water solubilizing group the optimum 
condition will be attained with the length of hydrocarbon chain which 
gives a maximum extent of adsorption of solute in the surface of the 
solution, prior to the onset of micellar aggregation. The common hydro¬ 
philic groups occurring in the main classes of detergents and wetting 
agents are the sulfate, carboxylate and sulfonate groups. In the case of 
the sulfates, the C s to C 1S range of alcohols provide useful starting ma¬ 
terials, and the optimum balance of hydrophobic and hydrophilic prop¬ 
erty is found in the range C 12 to C KS . 1S ’ 25 Mixed lauryl and myricyl 
alcohols, oleyl alcohol, and stearyl alcohol may all be sulfated to give 
products of commercial importance as wetting agents. Similarly, the 
sodium salts of C 10 to C ir aliphatic carboxylic acids provide an important 
group of detergents embracing the traditional soaps. The alkali stearates 
(C 18 ) fall outside the group, their value being limited by their low solu¬ 
bility. The stearates are, however, effective wetting agents at elevated 
temperatures, and the rather more soluble oleates having the same num¬ 
ber of carbon atoms are satisfactory detergents at 30°C. A useful range 
of products, from the point of view of balance of hydrophobic and hydro¬ 
philic property, occurs when C 10 to C 18 hydrocarbon chains are united 
with the sulfonic acid grouping. 5 • 22 In the case of the so-called nonionic 
detergents, of which the most important group are those based on the 
condensation products of ethylene oxide, the hydrophilic unit 

—0[CH2CH 2 03 n —GH 2 CH 2 0H 

where n = 5, may be considered to be approximately equal in solubility 
power to that of the sulfate group. Some commercial products of this 
class are listed at the top of facing page: 
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Diisobutyl phenol condensed 
with ethylene oxide n — 8 or 9 

Glycol monolaurate condensed 
with ethylene oxide n «= 9 

Oleylalcohol condensed with 
ethylene oxide — 

Of the cationic salts, the well-known cetyl piperidinium halides serve as 
an example. 

Before proceeding to review in detail the influence of size and shape 
of the hydrophobic portions of surface-active molecules, it seems appro¬ 
priate to consider at this stage the sensitivity of the various types of 
anionic detergents to precipitation by polyvalent ions. Because of their 
sensitivity to calcium and magnesium ions, the utility of the traditional 
carboxylic acid salts was limited in hard-water areas. This stimulated the 
search for alternative materials, long before present-day economic con¬ 
ditions and foodstuff shortage rendered the use of synthetic detergents 
in partial replacement of soap imperative. The well-known Turkey Red 
oil is an example of one of the products of these earlier endeavours. 

Since the solute in a detergent solution occurs in two species, free 
molecules and aggregates, there will evidently be two operative mech¬ 
anisms by which precipitation by heavy metal ions can occur. If the solu¬ 
bility product of the calcium or magnesium salts of the surface-active 
acid is low, precipitation of the salts will occur correspondingly, readily 
involving the unaggregated detergent molecules. The second mechanism 
pertains to the soap micelles. These colloidal particles owe their stability 
to an electrical double layer, made up of the negative charges on the 
ionized polar heads of the molecules and a surrounding cloud of positive 
ions. The equilibrium of the system depends on the equality of the 
thermal energy of the surrounding ions, the electrostatic attraction be¬ 
tween them and the charged micelle surface. If the charge on the micelle 
surface is destroyed by the adsorption of polyvalent ions, the stabilization 
mechanism breaks down, resulting in coalescence of the micelles, and 
precipitation results. 

The sulfates and sulfonates, being salts of strong acids, are not mark¬ 
edly sensitive to calcium or magnesium ions, and may generally be used 
in hard water. The carboxylates, however, are sensitive, and cannot be 
used conveniently in hard-water regions. A further disadvantage of the 
rather weak acid properties of the carboxylic group is a tendency for 
precipitation to occur if the pH of the solution falls below 10, probably 
arising both from the low solubility of the single undissociated acid mole¬ 
cules, and from the reduction of the micellar charge as a result of the 
incomplete dissociation of the polar heads. A variety of chemical reac¬ 
tions have been employed to modify the carboxylic acids in order to 
eliminate these undesirable properties. “Igepon” T, 2 a detergent par- 
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ticularly useful in shampoo formulations, is a product of such modifica¬ 
tion. It is derived by converting oleic acid to its chloride, and reacting 
the latter with the sodium salt of taurine. 


CgHu • CH==CH—C7H1S • COC 1 + HaN • CHs • CH 2 • SOjNa 


CgHij • CH——=CH • C7H15 ■ CO • NH • CHs ■ GH 2 • SOjNa 


Another modifying process, applied, for example, to stearic acid, 28 in¬ 
volves converting the acid to amide, reacting the amide with ethylene 
oxide, and esterifying the resulting alcohol with sulfuric acid: 


CuHas-COOH 


CiTHas-CONHa -> C 17 H S5 • CO • NH • CH 2 • CH 2 ■ OH 

- Ci 7 H 35 -CONH-CH 2 -CH 2 -CH 2 -O • SOsNa 


In the previous paragraphs dealing with the order of molecular size 
of a hydrocarbon group which may be associated with a given hydro¬ 
philic group to form a usefully balanced structure, fairly wide ranges of 
hydrophobe size were indicated. The optimum balance, however, is at¬ 
tained over a considerably narrower range of carbon chain lengths. 



In Figure 1 , wetting times as detennined by the Draves Clarkson 
technique, are plotted against concentration for a series of compounds 
of the type 

R— ^ ^ —SOaNa 

where R varies from C 8 to C13 normal paraffin chains. It is apparent from 
this diagram that optimum chain length is achieved with the C 10 and C 1X 
hydrocarbons. In the case of sodium octyl benzene sulfonate, a reasonable 

wettim* time of 10 seronds is onlv arhipvpd whpn fhp rnntomc 
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5 per cent of wetting agent; 3 per cent of the tridecyl derivative, and be¬ 
tween 1 and 2 per cent of the decyl and undecyl derivatives are required 
to give corresponding wetting times. 

Another series of compounds which have been investigated by Caryl, 1 
also containing the sulfonate hydrophile, are derived from maleic anhy¬ 
dride by the reaction sequence: 

CH * CO v CH • COO* 

|| >0 + 2*. OH-> || 

CH • CCK CH - COO* 


CH • COO* 

|| + NaHSOa 

CH • COO* 



The reaction shows a similar narrowness in the range of size of the 
hydrocarbon radical R, giving optimum wetting power. Wetting power 
was found to increase over the range R = C 3 to C 7 , and decrease over the 
range C 7 to C 10 . 

In the two examples which have just been considered, the variation 
in hydrophobic function of the molecule has arisen through a change 
in the length of a hydrocarbon chain. It is interesting, therefore, to con¬ 
sider an example where a chemical rather than physical characteristic 
(dimension) is operative. In the case of the sodium butyl biphenyl sul¬ 
fonates. 



the following Draves test times were obtained: 


Concentration (%) 

X - H 

Time (sec) 

X = OH 

X * Cl 

0.5 

11.6 

10.9 

4 

0.25 

23.1 

38.7 

7 

0.125 

78.4 

71.8 

21 

0.063 

171.8 

— 

113 


These figures illustrate that reduction of the hydrophobic properties of 
the molecule by including a second hydrophile in the benzene ring system 
reduces the wetting efficiency of the product. Inclusion of the halogen 
substituent produces a marked improvement in wetting power, possibly 
because the marked polar character of the chlorine to carbon bond tends 
to inhibit micellar aggregation. 
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Destruction of the Adhesive Forces Between Soil and 
Contaminated Surface 

The adhesive forces acting between the soil and the surface may be 
polar or nonpolar in character, and in the case of hydrocarbon soils, 
polar bonds may be progressively generated by oxidation of the hydro¬ 
carbon contaminant. With nonpolar soils, the hydrocarbon portion of 
the detergent molecule adsorbed at the interface would be expected to 
become adsorbed on the contaminant surface, thus producing a complex 
in which the hydrophobic function associated with the hydrophilic group 
is considerably greater than in the original detergent molecule. Such a 
complex would be expected to have a much lower CMC than the original 
detergent, and it may therefore tend to be withdrawn into the body of 
the solvent as a colloidal aggregate, possibly after further association 
stops. 

Where the soil is attached to the surface by polar forces, ion-exchange 
phenomena may play an important part in detersive action. This aspect 
of the problem has recently been reviewed by McBain. 12 He demonstrated 
that sulfate, silicate, and phosphate ions are all effective in removing 
dyes from cotton and glass. These ions are often found in the inorganic 
builders employed in the blending of commercial detergents. 

There are two types of reactions in which these ions might be expected 
to participate. Where a detergent molecule has formed an associative 
complex with the hydrocarbon portion of a polar soil molecule, attached 
by its polar head to a surface, a displacement type of reaction in which 
surface contaminant bond was replaced by a surface-builder bond would 
greatly facilitate the passage of the soil molecule into the liquid. Alterna¬ 
tively, where a detergent molecule has displaced the soil molecule from 
the surface, it in turn might be liberated from the surface by a builder 
ion, thus maintaining effective detergent concentration at the interface. 

The mode of operation of inorganic anions may also depend on the 
occurrence of phenomena related to the appearance of minima in the 
surface tension and concentration curves of typical detergent ions, 
thought to arise as a result of the influence of the anions on the dimen¬ 
sions of the stabilizing electrical double layer associated with the ad¬ 
sorbed surface layer of capillary-active solute. 16 * 23 Harris 4 has pointed 
out that in the case of sodium dodecyl benzene sulfonate, launderometer 
measurements show that the efficiency of soil removal parallels the lower¬ 
ing of surface tension occurring on the addition of neutral or alkaline 
electrolytes. 

A type of mechanism which may in some respects be considered as a 
model for the experiment described above has been reported in a recent 
paper by Hutchinson. 8 This paper discusses the formation of mixed 
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adsorption films o£ an alcohol of low solubility and typical detergent 
anions. It was shown that octyl alcohol was the main constituent of the 
adsorption layer in the presence of sodium dodecyl sulfate, exerting 
a higher surface pressure than the detergent molecule when the sulfate 
was present in concentrations lower than the CMC. As the sulfate 
concentration was raised to the CMC, the effect of the octyl alcohol was 
reduced, possibly indicating that the alcohol becomes solubilized and is 
carried to the interior of the solution in micelles. 

It has been suggested that single adsorbed molecules in the surface 
layer of a solution of detergent are responsible for the reduction of sur¬ 
face tension of the solute, and that the effectiveness of the detergent in 
this respect is limited by the tendency of the molecules to associate, a 
property determined by the size and shape of the hydrophobic portion 
of the molecule. Similarly, association of the adsorbed solute molecules 
with a contaminant has been considered as a primary step in the break¬ 
down of surface-soil cohesive forces. This appears to be borne out by 
the work of Preston. 

Launderometer measurements with solutions of varying concentrations 
of sodium lauryl sulfate showed that detersive efficiency closely paralleled 
reduction in surface tension, only small increases in efficiency being ob¬ 
tained when the detergent concentration was increased beyond the crit¬ 
ical micelle concentration; a critical washing concentration was observed 
coincident with the critical micelle concentration. Furthermore, Preston’s 
data for molar critical washing concentrations indicated that this was 
a function of the number of carbon atoms in the hydrocarbon chain and 
was independent of the nature of the hydrophilic group. 


Solubilization of the Liberated Soil 

The means by which the liberated soil is prevented from being rede¬ 
posited on the clean surface must now be considered. It has been sug¬ 
gested that the particles of soil are removed from the surface as associa¬ 
tion complexes with detergent molecules and are incorporated in micelles. 
There is little doubt that micelles are involved in the solubilization 
process. It has been demonstrated, for example, 14 ' 15 that hydrocarbons 
such as propylene, methyl cyclopentane, isobutane, etc., are solubilized 
in water by the addition of soaps, the process depending on the forma¬ 
tion of colloidal aggregates. There are not yet sufficient data to indicate 
the precise structure of the colloidal aggregates, but this will certainly 
affect the solubilizing efficiency of the micelle. It seems apparent that two 
factors are important, namely, the free space within a micelle, which is 
available to the contaminant, and the expansion of the surface, with 
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consequent reduction of the charge density on the micelle, which can be 
tolerated before the system becomes unstable and coalescence occurs. 

A recent paper by Vetter, 27 on the properties of solutions of the sodium 
salt of sulfonated di-2-hexyl succinate ("Aerosol” MA), seems to support 
Hartley’s early suggestion of a spherical micelle, with the hydrocarbon 
chains of the colloidal electrolyte directed towards the center, except that 
the micellar volume appears to be greater than that postulated by 
Hartley. This indicates a greater penetration of the aqueous phase 
towards the paraffinoid center of the micelle. At the same time there is a 
considerable body of x-ray data in support of the existence of lamellar 
micelles. Much work remains to be done to elucidate the factors which 
determine the type of micelle formed, and how much removed soil the 
latter will be capable of accommodating. 
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GRAHAM'S SALT AND ITS USES 


Thomas Hill Daugherty 

Director of Research, Calgon, Inc., Pittsburgh, Pa. 


Graham's salt is sodium metaphosphate glass. For nearly a century 
after its discovery, it remained a laboratory curiosity with only minor 
uses in analytical chemistry. Then a series of discoveries was made which 
lifted it into the realm of important basic chemicals. Today it is vital 
in many large industrial operations and has found numerous applica¬ 
tions in the home. The first commercial production in 1929-30 consisted 
of 2000 pounds. The next year 1,100,000 pounds was produced. In 1947, 
the total production in the United States was approximately 60,000,000 
pounds, with additional quantities produced in other countries. This 
summary will be limited to a presentation of the basic chemistry of 
Graham's salt and its homologs, a brief review of the history pertaining 
to the discovery of their several properties and a descriptive listing of 
the important applications which are being made of these properties. 


Historical 

Berzelius 1 in 1816 prepared monosodium orthophosphate which he 
dried at red heat before analyzing for Na a O and P 2 O s without appar¬ 
ently recognizing the formation of a new chemical species in so 
doing, Proust, 2 in 1820, prepared a glass by heating microcosmic salt, 
NaNH (1 HP0 4 , but thought it to be a sodium orthophosphate resulting 
from the loss of ammonia. Thomas Graham, father of colloid chemistry, 
found 3 in 1833 that by heating “biphosphate of soda," NaH 2 P0 4 , in 
stages he could produce four new and different substances. Three of 
these were crystalline, but the fourth was a glass which he named 
“metaphosphate of soda." This glass has become known in the litera¬ 
ture as “Graham's salt" and as “sodium hexametaphosphate." 

Graham's salt has the molecular formula (NaPOg)* or an empirical 
molecular ratio of lNa 2 0:lP 2 0 5 . It is conveniently prepared by roasting 
monosodium dihydrogen orthophosphate (NaH 2 P0 4 ) or disodium dihy- 

541 
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drogen pyrophosphate (Na s H 3 P 2 0 7 ) to drive off the water of hydration 
and most of the water of constitution, fusing the residue (m.p. 627.6° 
C) 4 and rapidly chilling the melt. In the familiar metaphosphate bead 
test developed by Emerson, 5 glassy sodium metaphosphate is formed 
from microcosmic salt (NaNH 4 HP0 4 ) in a similar manner. The clear 
and colorless glass which results is readily soluble in water to form an 
unbuffered, nearly neutral solution. The glass is best dissolved by being 
suspended just under the surface of the water or else by slow addition 
of the powdered form to the water with stirring. The solubility in 
liquids other than water is negligible. As concentration of the solution 
in water is increased, the viscosity increases. At 82° F, a solution con¬ 
taining 50 per cent by weight has a viscosity of approximately 102 
centipoises and one containing 70 per cent by weight has a viscosity of 
approximately 4220 centipoises. As the temperature is increased, the 
viscosity decreases. At 110°F, the two solutions cited have viscosities 
of approximately 60 and 1740 centipoises respectively. 

This glass was designated as a “hexametaphosphate” by Fleitmann, 6 
solely from analytical evidence. Other terms implying degree of poly¬ 
meric association, such as “tetraphosphate,” 7 “septaphosphate” 8 and 
“decaphosphate,” 7 have also been applied to sodium phosphate glasses 
of various Na 2 0:P 2 0 5 ratios. However, molecular weight determinations 
from end-group titrations, 9 dialysis, 1011 * conductivity 12 and ultracentri¬ 
fuge sedimentation, 1314 reveal values from 1000 to 17200, depending 
upon the method employed, the Na 2 0:PoO r , ratio, the previous thermal 
history of the glass and the residual water content. These measurements 
do not substantiate the existence of 4, 6, 7, 10 or other integral number 
of units in the polymeric molecules of these glasses but instead indicate 
a variety of chain lengths, the average of which for a given sample 
depends upon the thermal treatment in its preparation and to some 
extent upon its Na 2 0:Po0 3 ratio. Reviews of the molecularly dehy¬ 
drated or condensed sodium phosphates have been made by Terrey, 10 
Karbe and Jander, 10 Quimby, 16 and “Thorpe's Dictionary of Applied 
Chemistry.” 17 In particular, Partridge 18 has discussed the tangled 
terminology of the complex phosphates and recommends that a sodium 
phosphate glass be designated by its Na 2 0:PoO s ratio. In his system, 
Graham's salt would be simply “sodium (1:1) phosphate glass." 

The earliest property of a metaphosphate to be discovered which 
eventually resulted in practical applications of Graham's salt was the 
precipitation of albumin. Engelhart 19 in 1825, before the metaphos¬ 
phates were recognized as such, found that phosphoric acid precipitated 
the albumin of blood serum even after a thousandfold dilution of the 
serum. Berzelius 20 in 1827, however, could not obtain an albumin 
precipitate with his phosphoric acid. Then he reported 21 in 1828, after 
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working with Engelhart, that Engelhart strongly evaporated the phos¬ 
phoric acid (thus probably producing metaphosphoric acid), after which 
it would precipitate albumin when first dissolved but lost the property 
after several days' standing in solution. Graham 3 in 1833 employed 
albumin as a reagent to distinguish the acid of his “metaphosphate of 
soda," which precipitated albumin, from pyrophosphoric and ortho- 
phosphoric acids, which did not precipitate albumin. Aside from appli¬ 
cations in analytical chemistry, no use was made of this property until 
comparatively recently. 

The solubilizing action of molten metaphosphates on metallic oxides 
was first clearly reported by Berzelius 22 in 1844 in his work on appli¬ 
cations of the blowpipe, although it was known earlier that mono¬ 
sodium phosphates fused to transparent beads. Emerson 5 in 1866 and 
Rose 28 in 1867 extended the knowledge of analysis by means of meta¬ 
phosphate beads and Wallroth 24 in 1883 quantitatively examined the 
metal salts which crystallized during cooling. Except in the fields of 
analytical chemistry and mineralogy, this application of the glassy 
phosphates also has not been employed industrially until comparatively 
recently. 

The deflocculating action of Graham’s salt on suspended solids was 
first reported by Feldenheimer 25 in 1922, who deflocculated clay suspen¬ 
sions with pyrogenic derivatives of orthophosphoric acid and their salts, 
including the metaphosphates. Chwala 26 in 1929 extended this applica¬ 
tion by dispersing water-insoluble arsenates and phosphates with “water 
poor” (i.e., molecularly dehydrated) arsenates and phosphates, includ¬ 
ing the metaphosphates. The separation and beneficiation of minerals 
by the assistance of Graham’s salt is a related application. It was first 
reported by Ellis 27 in 1922 who, in concentrating metalliferous ores by 
flotation with electrolytes producing multivalent ions, mentions the 
“hexavalent” anions from “hexametaphosphate" and “tetraphosphate.” 
Later, Rose and MacDonald 28 employed metaphosphates, as well as 
metaphosphites, meta-arsenates and meta-arsenites, for the flotation 
separation of minerals, and Keck, Eggleston and Lowry 29 employed 
sodium metaphosphate as activator for the flotation of hematite. 

One of the most important characteristics of Graham’s salt from the 
standpoint of commercial application is sequestration or the preven¬ 
tion of precipitation of multivalent cations by complex ion formation. 
The term is defined by Daugherty 30 as “the reduction of the concen¬ 
tration of a multivalent positive ion in solution by combination with a 
negative ion to form a complex negative ion, to the extent that the 
remaining concentration of the multivalent positive ion is insufficient 
to be precipitated by a given negative ion with which it has a low 
solubility product constant. The sequestration value is a stoichiometri- 
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cal ratio or weight relationship expressed as the quantity of a sequester¬ 
ing agent required to capture a unit quantity of a multivalent positive 
ion and form with it a complex negative ion which is stable against 
precipitation by a given precipitant for the multivalent positive ion.” 
The calcium value of Andress and Wiist 31 is the sequestration value in 
the case where the multivalent cation is calcium and the precipitant 
is the negative ion of the sequestering agent itself; thus, the calcium 
value is the weight ratio of a given sequestering agent to calcium re¬ 
quired to dissolve the initial calcium precipitate of the sequestering 
agent. 

In 1929, Hall and Jackson 32 desired to introduce phosphate into 
boiler water by means of the feedwater but found that orthophosphates 
precipitated the calcium in the feedwater, thereby plugging the feed¬ 
line. They then considered the condensed phosphates but were unable 
to obtain a single pound of Graham’s salt on inquiry from many 
sources and were forced to manufacture the requirement for their test. 
The experiment was successful but not until 1932 did Hall 33 make the 
greater discovery that Graham’s salt softened the water against precipi¬ 
tation of the hardness constituents by soap. A similar action was ob¬ 
tained with other bi- and trivalent ions and with other precipitants 
than soap. 

Hall and Jackson’s application of Graham’s salt to boiler water con¬ 
ditioning resulted in the first commercial production of this chemical 
and Hall’s discovery of sequestration by Graham’s salt greatly expanded 
the commercial production. It is historically significant that Rose 34 in 
1849 observed the initial precipitation of alkaline earth metaphosphates 
by Graham’s salt and the re-solution of these precipitates upon addition 
of excess Graham’s salt. Also Scheerer 35 in 1858 reported that his 
assistant, Rube, had found Graham’s salt to interfere with the precipi¬ 
tation of barium as the sulfate and of barium, strontium, and calcium 
as the carbonate. Practically, these findings lay dormant in the realm 
of analytical chemistry for some eighty years until Hall uncovered the 
phenomenon of sequestration. 

The action of very low concentrations of Graham’s salt in preventing 
the precipitation of CaC0 3 from hard waters is another characteristic 
which has found wide commercial application. This action has become 
commonly known as “threshold treatment,” which name has a dual 
significance since it applies to arresting the precipitation of CaC0 3 at 
the threshold of crystallization and also signifies concentrations at the 
threshold of measurement and control. The threshold effect of sodium 
metaphosphate glass was first reported by Rosenstein 36 who in 1935 
overcame the precipitation of CaCO s in irrigating water, which oc¬ 
curred when NH S was added as a fertilizer, by first introducing a few 
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parts per million of Graham’s salt. The effect is discussed in detail by 
Hatch and Rice, 37 Rice and Partridge, 38 Reitemeier and Buehrer, 39 and 
Fink and Richardson. 40 

Threshold treatment of water with Graham’s salt has also been 
found to protect the steel of pipe lines and equipment from corrosion 
by the formation of a protective film. This action is widely employed 
for corrosion protection alone and in conjunction with scale preven¬ 
tion. It was first reported by Hatch and Rice 41 in 1940 and is dealt 
with in the report by Rice and Hatch. 42 About the same time. Rice 43 
found that Graham’s salt stabilized dissolved iron in water and this 
action is widely employed to overcome “red water” troubles in munic¬ 
ipal supplies. 


Commercial Application of Graham's Salt 

Commercially, the true Graham’s salt, sodium (1:1) phosphate glass, 
is not produced because it is comparatively slow to dissolve and pro¬ 
duces an acid solution. Instead, current practice is to manufacture 
glassy products of higher Na 2 0:P 2 0 5 ratios, these ranging from 1.1:1 
to approximately 1.4:1. These glasses are rapidly soluble in water and 
produce solutions ranging from neutral to alkaline. They are made in 
various physical forms, including platelets resembling broken window 
glass, coarse irregular lumps, beads, coarse powder and fine powder. 
For the purpose of describing the uses of these modern adaptations of 
Graham’s salt, the first commercial form, Calgon, 44 which is sodium 
(1.1:1) phosphate glass, will be employed. 

Protein Precipitation. The action of acid solutions of the glassy 
phosphates in precipitating albumin has led to industrial applications 
involving the reaction with other proteins, such as in the pretanning of 
hides prior to vegetable tanning. This application is based upon the 
fundamental work of Wilson, 45 who reported the rapidity of the initial 
combination of Calgon with hide protein. Subsequently it was found 
that tannin penetration into the hide was accelerated by the phosphate 
pretanning and that a stronger and more plump leather resulted. The 
property is also employed in the deproteinization of products such as 
sugar, milk, and blood and in the removal of albuminoids from thera¬ 
peutical fluids such as sera and rattlesnake venom. Interaction with 
proteins produces emulsification in the processing of cheese and stabili¬ 
zation of wine, lactalbumin and casein glues. Pectin is freed from the 
proteins naturally occurring with it in apple pomace, citrus wastes and 
sugar beet residues by metaphosphate treatment. Removal of proteins 
by metaphosphate precipitation is of increasing importance in disposal 
or re-use of waste water. 
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Fluxing Action. Comparatively little practical use has been made of 
the fluxing or solubilizing action of molten sodium metaphosphate on 
metallic oxides and other minerals. This property is utilized, however, 
in removing undesirable impurities from the surface of molten metals, 
such as aluminum, before pouring. Also, metaphosphate glass serves as 
the binder in the sintering of mica flakes to form electrical insulators. 
The purification of carbides in molten metaphosphate and the incor¬ 
poration of sodium metaphosphate as a constituent of ceramic bodies 
and glazes have been reported to be satisfactory applications but are 
not employed commercially so far as is known. 

Dispersion. The dispersion of pigments by means of sodium meta¬ 
phosphate glass is widely employed in the preparation of paper coat¬ 
ings. Relatively insoluble substances, such as clay, lithopone, calcium 
carbonate, titanium dioxide and barium sulfate, are readily dispersed 
in water, the slurries produced being characterized by low viscosities 
at high solids concentrations and by good suspension of the pigment 
particles. Oil-well drilling muds, composed of bentonitic (swelling) 
clays, formation (nonswelling) clays and weighting agents such as barium 
sulfate and iron oxide, are effectively dispersed with low concentrations 
of sodium metaphosphate to produce the fluidity requisite for recircula¬ 
tion and screening. Likewise, ceramic slips and glaze slurries containing 
low concentrations of glassy phosphate remain fluid at comparatively 
high solids concentrations. Pitch control in the manufacture of ground- 
wood paper and increasing the porosity of plugged formations in water 
wells are other uses of this dispersive property. Reduction of viscosity 
and consequent improvement in ease of application are obtained in 
water base paints by dispersion of the pigments with metaphosphates. 
The deflocculating action of the metaphosphates is advantageously em¬ 
ployed in the flotation separation of many types of ores from admixed 
base minerals. The creaminess and consistency of wax, polish and similar 
emulsions containing such constituents as grease, casein and latex are 
considerably improved by addition of glassy phosphates during the mix¬ 
ing operation. 

Sequestration. The ability of glassy sodium phosphate to tie up bi- 
and trivalent metal ions against precipitation by negative ions with 
which they normally form insoluble compounds is widely employed in 
operations where precipitation is harmful or undesirable. Such an op¬ 
eration is washing. With soap as the detergent, lime and magnesium 
soaps precipitate (which wastes soap) to form a scum which deposits on 
the articles being washed. The sequestration of calcium and magnesium 
ions by these phosphates completely prevents this precipitation and 
thus makes possible a better and more efficient washing. In the home, 
the principal washing operations which can be improved by the use of 
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non-scum-forming detergent solutions are: bathing, laundering, dish¬ 
washing, window washing, floor and wall washing and car washing. 
Similar benefits are obtainable by the use of a sequestering agent with 
synthetic detergents less sensitive than soap to precipitation by calcium 
and magnesium ions, due to solubilization and to dispersion of the 
constituents of the soil load. 

In industry, most of the home uses find employment on a larger scale. 
Also many other types of precipitants than soap are encountered. Thus 
the phenomenon of sequestration is advantageously employed in kier 
boiling cotton, in scouring and bleaching textiles, as a leveler in dye 
baths, in degumming silk and in degreasing wool. It is used in pulp 
digestion and for washing paper mill felts. It is also used in dairy 
cleaning and for the washing of many diverse materials, such as sand, 
including greensand; bauxite; clays, including zeolitic clays; bottles 
and other glassware; bricks, walls and terra cotta (but not marble); 
metals, for removal of soot, grease and oil prior to plating or enameling; 
fruits and vegetables, to remove insecticidal spray residues; filter cloths; 
sponges; and sharkskins. The blanching of vegetables, such as peas, in 
water containing metaphosphate produces a tenderization of the skins, 
presumably by interaction with the alkaline-earth pectates. 

Sequestration with the glassy phosphates is employed to protect emul¬ 
sions where the soap or other emulsifying agent would be precipitated 
by the hardness ions in water, typical emulsions being insecticidial 
sprays, shampoos and cosmetic creams. Also it serves to produce a “soft 
curd” in milk and milk products. Where presence of multivalent positive 
ions produces a catalytic effect, a sequestering agent serves as an anti¬ 
catalyst by inactivating such ions, examples being stabilization of flavors 
and odors and prevention of rancidity in food products and the stabiliza¬ 
tion of hydrogen peroxide solutions. In the water washing of contam¬ 
inated oils and solvents, the glassy phosphates facilitate the clarification. 

Threshold Effect. Low concentrations, of the order of a few parts 
per million, of sodium phosphate glass are employed in municipal and 
in home water systems to prevent deposition of scale and to minimize 
corrosion in piping and in hot water heaters. When added to an hon¬ 
or manganese-containing water before oxidation occurs, as when fed 
to a well water by a drop tube in the well casing or at the pump intake, 
the glassy phosphate also prevents the appearance of “red water” or 
“black water” by stabilizing the subsequently oxidized iron or manganese 
against precipitation. The same effects are obtained with threshold 
treatment in industrial water systems, principally in once-through and 
in open recirculatory cooling systems. Scale deposition in evaporating 
pans is also controlled by threshold treatment. Thus heat exchange sur¬ 
faces are kept free from the insulating effect of scale and corrosion 
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products. Where water is passed through granular beds, such as in sand 
or activated carbon filtration, in zeolite softening, or in returning water 
to formations (disposal of waste water, repressuring oil fields), the tend¬ 
ency to coat the granules and to plug the interstices by precipitation of 
calcium and magnesium salts and of hydrous oxides is overcome by the 
presence of minute concentrations of glassy sodium phosphate. This 
effect is also widely employed in the prevention of CaC0 3 deposition 
during the deinking of paper. 

Miscellaneous Uses. In addition to the properties of Graham's salt 
which have been cited, several other properties common to the glassy 
sodium phosphates are known which either have been put to practical 
use only to a minor extent or are undergoing extensive investigation 
now. Such properties are: the water binding action, which enables acetic 
anhydride to be made from acetic acid; the catalytic action, which per¬ 
mits the preparation of organic products from CO (such as acetyl 
chloride from CO and CH 3 C1), the polymerization of hydrocarbons 
(such as olefins) and the hydration of olefins to alcohols; and the adsorp¬ 
tion action on metal surfaces, which plays a part in the corrosion protec¬ 
tion previously mentioned and which is being developed for the pro¬ 
tection of metal surfaces under paint or enamel coatings. 

Furthermore, a large number of uses for the glassy sodium phosphates 
based upon the characteristic properties cited are described in the litera¬ 
ture but are not specifically mentioned in this summary because they 
have not been applied thus far beyond the laboratory or pilot-plant 
stages. For example, very small quantities of this type of phosphate can 
serve to extend the setting time and improve the mechanical properties 
of cement and of various plasters. In particular, the multitude of refer¬ 
ences and claims in the patent literature pertaining to these compounds 
presages many new uses for the legacy of Thomas Graham. 
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COSMETICS 


Paul G. Lauffer 

Chief Ckemist, George W. Luft Co., Inc., N. Y. 


Cosmetics are preparations designed to enhance beauty by external ap¬ 
plication. This result may be obtained by accentuating or supplying 
desirable features (make-up preparations); by hiding, abolishing or mini¬ 
mizing undesired features (some make-up and treatment items); or by 
counteracting the effects of age, trauma or disease (either by make-up 
or treatment). The preparations used divide themselves naturally into 
two classes; the make-up preparations, which are applied in older to 
cause temporary improvement in appearance, and the treatment items, 
which cause no immediate visible change but which are applied repeat¬ 
edly for the purpose of bringing about a gradual beautifying effect. 


Tissues in Cosmetic Application 

The skin, hair and nails are the tissues subject to cosmetic care. Since 
they form the covering of the body, they must be relatively inert and 
resistant to agents regularly encountered. They function to protect the 
more delicate tissues from the vicissitudes of the external world. They 
therefore form an almost ideal base for cosmetics of the make-up type, 
upon which rouges, powders, etc. can be applied repeatedly without 
damage. They offer resistance, however, to “treatments” designed to 
affect them more fundamentally. The discovery of effective and harmless 
means of invigorating these resistant tissues is the goal of cosmetic 
chemistry. 

Structure of the Skin.* The skin is composed of a number of layers, 
varying progressively in nature from the outermost layer of dry, tough, 
scaly, dead cells, to the innermost layer with its elastic and collagenous 
fibers, blood vessels, lymph spaces, nerves, sebaceous and sweat glands, 
and muscles. The inside layer is an actively living metabolizing tissue 

* For a more detailed description of skin structure, with special emphasis on irritation, 
see Combes, F. C., in “Colloid Chemistry, Theoretical and Applied,” ed. J. Alexander, 
Vol. 6, pp. 746-81, New York, Reinhold Publishing Corp., 1946. 
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comparable to deeper tissues; the outside layer is highly differentiated, 
inert and dead, continuously shed and replaced from below. The com¬ 
position and properties of the skin therefore differ tremendously accord¬ 
ing to the layer involved. 

The dermis , or cutis, forming the two innermost layers of the skin, is 
mesodermal in origin. Its inner layer contains a lattice of fibers; its outer 
layer has papillary projections extending into the epidermis. The epi¬ 
dermis has at least five distinguishable layers. The deepest (germinal or 
basal layer) is a single layer of cells, very active and continually pro¬ 
liferating to furnish new cells which push up the older ones in the over- 
lying layers. The second layer (prickle cells) has its cells connected by 
webs or “prickles” of protoplasm reaching in all directions. These cells 
are nourished by lymph in the intercellular spaces which connect with 
lymph ducts in the dermis. The third layer (stratum granulosum) becomes 
more specialized; the cells are flattened and contain horny keratohyalin, 
a keratin precursor. Next comes the stratum lucidum, translucent cells 
without nuclei, containing eleidin. The outside layer (stratum corneum) 
consists of several layers of hard, horny cells in which the eleidin has 
changed to keratin. The total thickness of the skin ranges from 0.5 to 
4.0 mm. 

The outer, horny layer varies in thickness on different parts of the 
body, and among individuals. The thickness of this layer has some bear¬ 
ing on resistance of the skin to penetration of liquids and solutes, an 
important consideration for cosmetic practice. 

Special structures, important for their part in absorbing oils and oil- 
soluble materials, are the sebaceous glands, situated in the dermis. The 
sweat glands, in the subcutaneous tissue, appear more important for 
excretion than for absorption, but they do seem to afford channels for 
absorption of aqueous solutions. 

Structure of Hair and Nails. The hair and nails are composed largely 
of keratins, similar to those in the horny layer of the skin. Each hair 
grows from a hair follicle, formed by involution of the epidermis, which 
contains the hair bulb, where the cells which are to form the hair shaft 
proliferate, pushing the shaft outward. The core, or medulla of the hair, 
is formed of polyhedral cells containing some eleidin. Around the core 
is the cortex, foraung the bulk of the hair and composed of long cells 
fused into fibers and containing the pigment. On the outside is a single 
layer of flat cuticle cells, overlapping like shingles. The pigment of the 
hair is melanin, the same as that of the skin. 

The nails grow outward from the nail matrix at the proximal end. 
They are not distinctly differentiated into layers, hut in thick nails three 
layers may be recognized. The surface is hard and smooth, with longi- 
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tuginal ridges of varying height, and forms a fairly inert base for me¬ 
chanical or chemical treatment. 

Perspiration. The normal human skin is always covered by the secre¬ 
tion of the sweat glands (more or less evaporated, according to atmos¬ 
pheric conditions) and that of the sebaceous glands. Sweat contains about 
0.7 per cent sodium chloride, and 0.1 per cent lactic acid, plus smaller 
amounts of other organic acids. 1 It is bacteriostatic and fungistatic, 
owing 2 to its pH of 5.73 to 6.19 and its content of acetic, propionic, 
caproic, caprylic and lactic acids. 3 Cosmetics must be designed so as not 
to destroy the natural defenses of the skin by completely neutralizing 
these acids for long periods. 

The sebum is mostly fatty material, resulting from the disintegration 
of the superficial cells of the sebaceous glands. The oily coating normally 
present on the skin is instrumental in keeping it supple and moist; when 
it is lacking, cosmetics should supply such a coating. Since the rate of 
absorption into the skin depends 4 on the solubility of the material in 
the liquid filling the ducts of either the sweat glands or the sebaceous 
glands, cosmetics intended to be so absorbed must be designed to have 
such solubility. 

Permeability of Skin. The question of permeability is of basic impor¬ 
tance in the formulation of cosmetics. For make-up items which should 
beautify or protect the skin while covering it, but leave it unaffected after 
removal, absorption into the skin should be avoided. For treatment 
items, designed to improve the texture of the skin, absorption may be 
desired. We should distinguish clearly between absorption into the skin 
or into the immediate subcutaneous tissue, and absorption through the 
skin into the circulatory systems. The latter type of absorption, if it 
outweighed the former type, would cause a preparation to cross the 
border between cosmetics and pharmaceutical preparations. The cosmetic 
preparation exerts its effect in the area where it is applied, not indirectly 
by absorption into the circulation and redistribution into the tissues. 
Studies of permeability which depend on determination of a substance 
in body fluids, after application to the skin, are therefore of more interest 
for pharmacological than for cosmetic application. The most reliable 
method of studying take-up of substances by the skin tissues is probably 
the histological examination of the excised skin, which of course presents 
complications. 

The human skin protects the body, not by totally preventing diffusion 
from outside into the tissues, but by slowing up such diffusion. Materials 
may penetrate the skin, and later be excreted mainly through the skin, 
without ever entering the blood to any significant extent. 4 The transfer 
of minute amounts of some materials in the skin has been followed by 
immunological reactions. Substances can penetrate the skin by three main 
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channels: (1) the sweat glands, (2) the hair follicles and the sebaceous 
glands, and (3) the keratin matrix. There has been but little study, and 
none of it quantitative, of the permeability of the horny keratin, but it 
should allow passage of gases and other small molecules. Water probably 
does not penetrate the keratin, although it does cause it to swell. 

Sweat glands are lined with cells which, as part of their regular func¬ 
tion, permit the passage of an aqueous solution, sweat, through their 
membranes. Under the proper conditions, it is reasonable to expect that 
these cells will absorb certain solutes from solutions which enter the 
sweat ducts from the skin surface; this absorption will not, however, be 
a simple physical diffusion, but will be governed by the physiological 
needs of the cell (see below). So penetration into the sweat pores will be 
the first step in the absorption of the major part of any water-soluble 
material. Similarly, the sebaceous glands will afford a gateway for pene¬ 
tration of fat-soluble substances. 

Penetration into Pores. A liquid placed upon the skin has little ten¬ 
dency to enter the pores, for the air in the narrow channels is difficult 
to displace from outside. However, if the pores are filled with sweat 
or with sebum, as during rapid perspiration, or if the skin is covered 
wuth ointment or cream which closes the pores, the secreted liquid will 
gradually displace the air outward and fill the pores, thus forming a 
liquid bridge for diffusion of solutes from the ointment into the pores. 

Abramson and Gorin 4 demonstrated that such penetration of pores by 
methylene blue is accelerated by electrophoresis. For transport by diffu¬ 
sion only, they give the following equation for the concentration, C y at 
any point in a cylindrical pore: 

x 

2 Vl ft 

and C 0 is the concentration of the substance at the mouth of the pore, 
x is the distance from the mouth, D is the diffusion constant, and t is the 
time. In their experiments, methylene blue was retained largely in the 
cells lining the pores; histamine diffused into larger areas of the skin, 
as demonstrated by whealing. Histamine injected intracutaneously does 
not remain long in the skin, but when introduced through the pores it 
has been shown to remain over a week. 5 Eller and Wolff 0 found that 
fats penetrate the skin largely along hair shafts and in the ducts of oil 
glands. Animal fats showed the greatest depth of penetration, and low 
melting point facilitated penetration. Moore, Lamarre, and Beck 7 re¬ 
ported that the absorption rate of testicular hormone varied with dif¬ 
ferent oils used as solvent, and with the concentration; sesame oil was 
especially effective. 

Absorption by Cells . After a substance has an effective concentration 




where y 
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outside the cells lining the ducts of the glands, it must penetrate into 
these cells, then spread further into other cells, if it is to have any general 
effect on the subsurface tissues of the area. We can visualize such spread¬ 
ing as proceeding in at least four different ways: (1) directly, from one 
cell to another; (2) through the intercellular fluid; (3) through the lymph; 
(4) through the blood. It is very probable that more than one of these 
paths are involved in most cases. 

Zweifach 8 remarks that the type of permeability shown by the capillary 
membrane can be explained without taking into account the cellular 
components of the vessel. The filtration barrier can be divided into two 
constituents, the intercellular cement (a reversible calcium salt of a weak 
acid) and an adsorbed layer of protein, which can be affected inde¬ 
pendently or concurrently by changes in the fluids bathing either side 
of the capillary. The physical state of the cell membranes can be varied 
by changing the pH or calcium content of the medium, so variations in 
permeability can be induced by conditions affecting the intercellular 
cements. We are not primarily concerned, however, with absorption of 
substances into the blood. Absorption into cells of the type forming the 
deeper layers of the skin, and the subcutaneous tissue, is our first concern. 

We may consider, with Mazia, 9 that the ionic content of the cell is 
divided into two parts: the part at the surface, containing most of the 
calcium, is capable of rapid exchange with ions in the surrounding fluid; 
the part inside the cell contains most of the other electrolytes, and their 
concentration is relatively independent of short-run environmental con¬ 
ditions, being increased or decreased by true accumulation involving the 
metabolic activity of the cell. Biophysical investigations give evidence 
that the plasm membrane is not many molecules thick, containing lipid 
as major component. But, as Just 10 notes, direct biological investigation 
of the cells in action indicates the existence of a layer of microscopic 
thickness, the cortex , which is important in the functioning of the cell. 
Substances which enter the pores of the skin, but which cannot be used 
in the metabolism of the cell, may be passed along into the blood by 
transfer through or along this cortex, and therefore have no effect on 
the local tissues. 

An analogy for the cell's behavior is found in the ability of proteins to 
bind heavy metal cations in relatively weak salts. Stearate films can exchange 
their metal ions for traces of copper in distilled water. 12 Assuming a 
molecular area of 20A 2 , the number of molecules that could form a 
single layer on the surface of the cell is of the same order of magnitude 
as the number of molecules of calcium that can participate in rapid 
exchanges between cell and environment. 9 So a membrane of relatively 
few monolayers of lipid could account for the changes involving calcium 
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observed by Harvey and Danielli 13 in their study of yeast, Elodea, and 
Arbacia egg cells. 

Mazia proposes, in extension of Brook’s theory, 14 that the first step 
in accumulation of an ion is its binding at the cell surface, which through 
oxidative metabolic processes continually releases these ions into the cell 
interior and binds more ions from the medium. So in cells accumulating 
salts, the increase in electrolyte content should be found in the non¬ 
exchangeable fraction of the ions, the exchangeable or surface fraction 
remaining relatively constant. In yeast cells, increasing the calcium con¬ 
tent of the medium results in increased calcium uptake, but the fraction 
that is rapidly exchangeable for potassium remains nearly constant. 
Blinks 15 also considers permeability and metabolism to be closely related 
cell functions, and believes that the latter may affect the former not only 
by setting up gradients of proteins, organic acids, etc., but also by in¬ 
fluencing the nature of the cell surface. 

Brooks 14 measured rates of diffusion of radioactively tagged alkali 
metal ions into living cells, and obtained rates of about 1.76 x 10~ 7 gm 
cm' 2 hr' 1 , instead of 10~ s gm cm -2 hr -1 estimated in older experiments. 
Both cation and anion move against a concentration gradient more 
rapidly than is explicable by any present hypothesis, but a mechanism of 
ion exchange must be involved, such that the cells can retain specifically- 
accumulated ions, notably K + , during this rapid exchange, approximating 
the speed of free diffusion of these ions in water. When immersed in pure 
water, Nitella cells lose their salts slowly, compared with the rate of loss 
in solutions of other salts, for water supplies few ions for exchange; so 
ions do not appear to travel together through the cell surface, although 
the positive and negative ions pass at about the same rate. The passage 
of ions across the cell membrane may be visualized as occurring by a 
progression similar to that of individuals in a “Paul Jones” dance, made 
possible by a plasma membrane described as a mosaic. 16 Brooks 17 con¬ 
siders that the acidic and basic groups on proteins allow ion-exchange 
reactions similar to those in permutite. The plasma membrane appears 
to be a relatively dense structure, and practically all ions must be fixed 
close to the combining groups of the fats, proteins, etc. The amounts of 
radioactive ions taken up by Nitella were 20 to 1600 times the possible 
combining power of the plasma membrane materials, so most of them 
must have been contained inside the cell, not adsorbed on the surface. 

When metabolism lags, the selective nature of ion intake is lost. Muscle 
cells, on contracting, lose K, and inert muscles may suffer a permanent 
loss of K, and atrophy. Brooks 14 asks whether ion content, some kind of 
metabolism, and vital activity are not an indissoluble complex. Hoag- 
land 18 found that in the root cells of barley and wheat the internal 
conditions required for most rapid salt accumulation were high content 
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of sugar or other available carbohydrate and low salt concentration. The 
inward transport of salt against a gradient was considered to depend on 
aerobic metabolism, involving a process akin to secretion. During active 
salt absorption, the sugar content rapidly decreases, especially in the case 
of certain K salts. Steward 19 found striking effects on metabolic processes 
during active absorption of salt by potato tuber discs. Increased absorp¬ 
tion of certain K salts caused increases in respiration and synthesis of 
protein from amino acids or other dissolved nitrogen compounds. Ca salts 
caused decreased respiration and protein synthesis, even though anion 
accumulation occurred. Steward concluded that K + is especially influen¬ 
tial in stimulating metabolism during the process of entering the cell. 
These results may well lead us to believe that the proper combination of 
inorganic salts may be the most effective medium for influencing the 
metabolism of the tissues in and under the skin. 


Desirable and Undesirable Attributes 

The goal of cosmetic treatment can be described very simply; it is the 
attainment of a healthy, youthful appearance. Fashion may dictate the 
use of bright colors as makeup on lips and nails, and an individual's 
features may require the accentuation or minimizing of certain parts, 
but in general the user of “treatment" preparations would be very happy 
with the skin and hair of the normal twelve-year-old girl. The effect 
which is hoped for is largely the negation of the effects of ageing. 

Changes Produced by Age. The process of ageing must be ultimately 
referable to the slowing of cell metabolism and division. In youth, the 
cells are continuously growing and dividing, and any non-diffusible waste 
products are automatically prevented from building up in concentration. 
When growth stops, the cells of the matrices producing skin, hair, and 
nails do not stop dividing, but their rate of division does lessen. Meta¬ 
bolic activity diminishes in the skin and subcutaneous tissues, as evi¬ 
denced by loss of the pink flush so flattering to the youthful cheek and 
the appearance of wrinkles as the elasticity of the tissues decreases. It is 
not impossible that biochemical research may reveal a method of slowing 
up the ageing process, by control of diet or other general treatment; but 
the application of any such method would belong in the field of medi¬ 
cine, not cosmetics. However, the development of a local treatment 
which will increase the metabolism, promote healthy proliferation of 
skin, and remove undesirable metabolites, is entirely within the realm of 
cosmetics. 

The hair changes markedly with age, owing to lessening activity of the 
matrix cells. One effect is loss of color, another is disappearance of the 
hair from part or all of the scalp. Neither effect has yet been successfully 
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prevented, either medically or cosmetically, but the loss of color can of 
course be compensated for by dyeing the hair. 


Effects Required of Cosmetics 

Cosmetics are expected to effect an alteration in one of the following 
attributes of skin, hair or nails: color, odor, shape, water or oil content. 
It may be interesting to consider separately these effects, and the agents 
used to produce them. 

Alteration of Color of Skin. Cosmetics are generally designed to alter 
the color of the skin in the direction of the normal, youthful skin, 
although fashion may dictate some deviations from this goal. Face pow¬ 
ders, which cover minor blemishes, absorb and cover oil to eliminate 
shine, and generally lighten the apparent skin color, are probably the 
most universally used agent for altering the color of facial skin. Greater 
adhesiveness is given to face powders by adding waxes, soaps or oils, 
converting them to cake make-up or make-up foundations, which cover 
the skin more heavily and lastingly. 

To tint the cheeks, more highly colored rouges are used. These are either 
dry powders containing pigments in inert white base, usually compressed 
into a cake for convenient carrying; or pomades, with pigments dispersed in 
an oil-wax mixture. The latter type of rouge, cast in stick form, is widely 
used as lipstick, to color the lips. Here, the colors used are much brighter 
than the natural lip color, although all colors of lipstick which have found 
acceptance can be classed as reds. Liquid rouges have been promoted, both 
for cheeks and lips, but are not widely used. 

The pigments used for face powders and cake make-up are largely 
inorganic substances such as iron oxides, sometimes brightened by addi¬ 
tion of certified lakes of organic dyes. For lipstick and other rouges, 
the lakes of organic dyes form the bulk of the coloring matter. Lipsticks 
generally contain an indelible color in addition to the insoluble pig¬ 
ments, generally a halogenated fluorescein. A skin coloring preparation 
in vogue during the war, when hosiery was in short supply, was leg 
make-up; made mostly in sun-tan shades, this was based upon iron oxide 
pigments suspended in an emulsion containing film-forming gums, which 
dried on the skin to a more or less lasting colored film. 

Sunscreens may also be considered as preparations for affecting skin 
color, although the other effects of sunburn are more unpleasant than 
the skin coloration. Henschke and Schulze 23 showed that erythema (sun¬ 
burn) is produced by ultraviolet rays shorter than 3200A, while pigmen¬ 
tation without erythema is produced by rays of S200 to over 4000 wave¬ 
length. It is, therefore, possible to prepare sunscreens which will protect 
from both burn and tanning, or, as is more often desired, from burn only. 
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Many substances are available with strong absorption of rays below 
3200A, such as menthyl anthranilate, quinine salts, /knethylumbelli- 
ferone, etc., from which suntan oils, lotions and creams are made con¬ 
taining 2 to 8 per cent of the sunscreen. The darkening effect of the 
longer ultraviolet rays is attributed to their acceleration of the formation 
of melanin; while the injurious results of exposure to the shorter rays 
are reported to involve conversion of histidine to histamine, with conse¬ 
quent infiltration and discomfort. 

For bleaching the skin, lotions or creams containing lemon juice or 
other weak acid were long used. Their action was at best very mild. 
Creams containing ammoniated mercury or other mercury salts are used 
to lighten the skin, and Nealon 24 reported that the use of a cream con¬ 
taining 3 per cent ammoniated mercury, applied one-half hour daily 
for six weeks, lightened the facial skin by 15 per cent of the observed 
white human range. From the work of Raper, 25 Arnow, 20 and Jones, 27 
it appears that melanin may be formed in the skin from any of the three 
amino acids, tyrosine, phenylalanine or tryptophan. The formation from 
tyrosine involves oxidation to dihydroxyphenylalanine (dopa) catalyzed 
by tyrosinase or by ultraviolet light. The enzyme, dopa-oxidase, catalyzes 
the further oxidation to dopaquinone, which condenses to the bicyclic 
5 ,6-dihydroxy-dihydroindole a-carboxylic acid. This compound, through 
the intermediate diketone, hallochrome, is converted to 5,6-dihydroxyin- 
dole-a-carboxylic acid, which by polymerization forms melanin. If the 
above sequence can be interrupted at any point, melanin production will 
be prevented and the color of the skin lightened. Mercury inhibits the 
copper-containing enzymes tyrosinase and dopaoxidase, and thus accom¬ 
plishes the result. There are certain limitations to the use of mercury 
compounds on the skin, so the problem of controlling skin pigmentation 
at will is still not ideally solved. 

Coloring of the Hair. Mascara and eybrow pencil are used to color the 
eyelashes and eyebrows, respectively. For these preparations organic dyes 
are not allowed, so mineral pigments and carbon black are used. The 
application of color to the hair of the scalp should be classed as a dyeing 
operation, rather than make-up. The process is not unlike that of dyeing 
fabric, and the same principles apply, except that hair is attached to 
the scalp and care must be taken not to injure the skin. This limits the 
usable dyes and the methods of application, and the operation is gen¬ 
erally entrusted to a skilled beautician. 

Evans 20 has summarized the development of hair dyes and their 
method of action on the hair. The early use of lead and silver salts, 
converted to corresponding sulfides on the hair, and of pyrogallol-metal 
salt mixtures, has given way to the phenylenediamine dyes. These, in 
spite of their tendency to cause allergic reactions in a small percentage 
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of persons, are the most popular hair coloring agents. They are sold 
in aqueous-alcoholic solution containing ammonia and soap or other 
wetting agent, and are mixed just before application with hydrogen 
peroxide which oxidizes the diamine to the complex dye molecule. The 
wetting agent helps the diamine and peroxide penetrate the hair shaft. 
The peroxide can open the disulfide cross-links of the keratin to give 
anionic groups. These groups may serve as points for attachment of the 
dye molecule; and the performance of the dye may be due to the fact 
that the large dye molecule, formed inside the lattice of the keratin 
molecule from smaller molecules which could penetrate the lattice, is 
itself too large to escape from the lattice. 

Coloring of Nails. Nails are colored by the application of nitrocellulose 
lacquers. The formulation of nail lacquers is similar to that of other 
lacquers, but the pigments used must be harmless, certified colors, and 
the solvents chosen with more regard for pleasantness of odor. Rapid 
drying and high gloss are important. Adhesion to the nail may be im¬ 
proved by use of a tacky undercoat, but one variety, reportedly based on 
a synthetic rubber, caused allergic reactions in the nail bed and therefore 
must be avoided. 

As reviewed by Wing, 21 and by Thomasset, 22 1/2-second nitrocellulose 
is suitable for most lacquers and a typical composition would be 10 per 
cent nitrocellulose, 5 per cent of a plasticizer such as a phthalate or castor 
oil to improve flexibility and adhesiveness, 10 per cent of a sulfonamide- 
formaldehyde resin to improve luster, 3 per cent dyes and pigments, 
5 per cent alcohol, 20 per cent ethyl acetate, 15 per cent butyl acetate, 
and 32 per cent toluene. The colors selected are certified reds fast to 
light, such as D & G Reds No. 11 and No. 34, and Ext. D Sc C Red No. 2, 
readily dispersible and nonstaining, plus purified iron oxides, iron blue 
and titanium dioxide. A viscosity of 270 to 310 centipoises is considered 
desirable. 

Odorants and Deodorants. Although perfumes may in various epochs 
have been used to cover body odors and thus obviate the necessity of 
bathing, modern practice favors a clean skin as a prerequisite of attrac¬ 
tiveness. Deodorants are designed to prevent unpleasant odors from de¬ 
veloping on the skin, and perfumes, toilet waters, and the like are as¬ 
signed a more positive role in creating a generally pleasant olfactory 
impression. 

Klarmann 28 reviewed the cosmetic aspects of perspiration and its con¬ 
trol, pointing out that the eccrine sweat glands found over most of the 
body secrete a clear fluid containing about 1 per cent total solids, of 
which sodium chloride constitutes an average of 0.7 per cent. Organic 
acids such as lactic, acetic, propionic, caprylic, caproic, citric and ascorbic 
form most of the remainder with traces of urea and uric acid. The apo- 
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crine sweat glands, usually connected with a hair follicle, occur mainly in 
the armpits, on the chest, and in the genital areas, and since their secre¬ 
tion involves a break in the tips of the secretory cells it contains nitro¬ 
genous and fatty matter. The perspiration from these areas therefore 
offers especially high potentiality for development of bad odor under 
the influence of bacteria normally present on the skin. 

Killian and Panzarella 29 demonstrated that perspiration passed through 
a Berkefeld filter to remove bacteria, could be stored 24 hours without 
change in odor or pH; unfiltered perspiration developed a strong, un¬ 
pleasant odor in 24 hours, while its pH rose from 4.82 to 7.86 as urea 
was converted to ammonia. Objectionable skin odors may therefore be 
avoided by controlling perspiration or by preventing its bacterial 1 
decomposition. 

Antiperspirants are generally based on salts of aluminum.* The alumi¬ 
num forms albuminates with the proteins of the skin, and the tissues 
around the mouth of the sweat duct are reported to swell, reducing the 
aperture and the flow through it. Simple deodorants are based on anti¬ 
septics and many have been used, such as oxyquinoline salts, sodium 
perborate, zinc peroxide, etc. Combination deodorants and antiperspir¬ 
ants contain compatible astringents such as aluminum chlorohydrate and 
antiseptics such as hexachlorodihydroxydiphenylmethane. Cream deodor¬ 
ants are the most popular, but sticks, powders and liquids are also sold. 

Perfumes. Pleasant odors contribute immensely to the general impres¬ 
sion created by any person. The effect of odor is largely irrational and 
imponderable, but by no means negligible. Nearly all cosmetic prepara¬ 
tions contain enough perfume to give some degree of pleasant odor after 
application, although most of them are scented unobtrusively, so that 
they will not interfere with any perfume which may simultaneously be 
applied. Perfume materials were, until about 75 years ago, all of natural 
origin; but synthetic products are now used in large amounts to fortify, 
extend, enhance, and amplify the natural materials. There is little value 
in a classification of perfume materials according to their chemical char¬ 
acteristics, but the useful compounds include hydrocarbons, alcohols, 
aldehydes, ketones, phenols, ethers, esters, lactones and nitro compounds. 

Most of the natural materials are essential oils or resins obtained by 
distillation, expression, extraction or maceration of the flowers, leaves, 
twigs, wood, bark, roots, fruit, seeds or buds of some plant. A few 
materials of animal origin, such as musk, civet, castoreum and ambergris, 
are used as fixatives and possibly for their aphrodisiac qualities. From 
these natural products there is a gradual transition to outright synthetics. 
Improved essential oils , such as terpeneless oils, are altered by removal 

* In his Historia Naturalis, the elder Pliny states (xxv. sec. 185) relative to alum: Virus 
alarum sudoresque sedat. (It reduces offensive odors o£ the axilla and sweating).— Ed. 
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of the less valuable components, giving oils of higher value. Isolates, 
such as safrol from camphor oil, are separated from all other components 
of the oils containing them. Modified oils, such as vetiver acetate, are 
made by chemical treatment of oils to convert one or more components 
to a derivative more desirable for some purposes. Synthetics made from 
isolates, such as vanillin made by conversion of eugenol isolated from oil 
of cloves, are sometimes preferred to synthetics of other origin. 

Synthetics, of chemical origin, such as vanillin made from guaiacol,* 
often can replace the natural product at much lower cost. Novel syn¬ 
thetics, such as amyl-cinnamic aldehyde supply materials not found in 
natural oils, but of value in simulating or extending natural materials. 
Others, such as the higher aliphatic aldehydes, are used to create popular 
perfumes not limited to imitation of any natural odor. 

The blending of the many available materials into a perfume of de¬ 
sired type, quality and persistence is more art than science, for there are 
many gaps in our knowledge of the physical, chemical, physiological and 
psychological aspects of odor and olfaction. We know that odor is a 
powerful factor in creating moods and in determining attitudes toward 
either persons or objects, but our knowledge of odor-structure relations, 
and of odor-behavior relations, is largely empirical. 

Waving of Hair. Hair is the only tissue which is subject to a definite 
change of shape by cosmetic treatment. Since wavy hair is generally 
considered to adorn the feminine head to a greater degree than hair of 
the straight variety, enormous effort has been expended on methods of 
waving hair, preferably in a permanent manner. It is estimated that some¬ 
thing like one per cent of the average woman’s adult life is consumed in 
the operation of hair waving. 

Hair softened by wetting, wound spirally on a rod and so held until dry, 
will acquire a more or less lasting wave; this procedure is the basis of the 
use of curling papers, all sorts of patented curlers, and curling irons. 
Suter, 30 McDonough, 31 and Reed and associates 32 have summarized the 
development of mechanical and chemical methods of permanent waving. 
Early methods improved on the ancient home curling practices chiefly 
by using first borax, then ammonia, to speed and increase the softening 
of the hair, and by designing effective heating devices for speedy drying. 
Later, the cumbersome heater was replaced by pads heated by chemical 
reaction, using such combinations as CaO+H 2 0; Al-fCu S0 4 ; A1 + 
various oxidizing agents; hexahydric alcohols + permanganate. 

More recently a cold process has been developed which utilizes am¬ 
monium thioglycolate to soften the hair, the disulfide bonds between 
chains being broken according to the equation: 

* Vanillin is now synthesized in quantity from the crude calcium lignin isolated from 
waste sulfite paper mill liquors.— Ed. 
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Hair —S—S— Hair + 2HSCH 2 —COONH 4 ^ 

NH4OOCCH2 —S—S— CH2COONH4 + IHair— SH 

Since cross-links between chains are thus ruptured, the hair becomes 
more pliable and loses elasticity. Subsequently the thioglycolate is re¬ 
moved, with the hair still rolled in spirals, by rinsing with a solution 
of an oxidizing agent such as hydrogen peroxide or potassium bromate, 
which also reoxidizes the hair, restoring the disulfide linkage so that 
the hair, after drying, regains its elasticity, but with the new shape im¬ 
pressed upon the fiber. Other bonds beside the disulfide, such as peptide 
linkages, hydrogen bonds, and even van der Waal forces play a part in 
the process, but this part can at best be only minor, as shown by Reed 32 
in experiments on stretching with monochloroacetic acid and with 
dilute HC1. In practice the pH of the thioglycolate must be carefully 
controlled: if too low, the solution is ineffective; if too high it is too 
irritating to the scalp and may injure the hair. 

The foregoing processes can also be used to straighten excessively 
kinky hair. Any liquid mixture that softens the hair (loosens the cross¬ 
bonds) will facilitate change of shape under tension, and the hair will 
tend to retain whatever shape it is held in when the softening agent is 
removed and the fiber regains its stiffness. Furs are treated similarly to 
increase or decrease the curl, as desired, in order to simulate more valu¬ 
able skins. Here stronger agents can be used, since the problem of irrita¬ 
tion is removed. 

Removal of Hair. The same chemical agents which soften hair will, if 
caused to react more strongly, destroy the keratin structure so that the 
hair disintegrates and can be washed off. Creams or solutions of metallic 
sulfides such as barium, strontium, or calcium sulfides will accomplish 
the purpose, but on account of the hydrogen sulfide evolved their use is 
attended by an unpleasant odor. Sulfide depilatories have therefore 
largely given way to those using ammonium thioglycolate, which have a 
less objectionable odor. 

Stimulation of Hair Follicles. Removal of hair is much easier than 
stimulation of its growth; indeed, up to the present the stimulation of 
growth and pigmentation of the hair is a cosmetic ideal much striven for 
but not certainly attained. Both loss of hair and loss of pigment in the 
remaining hair are effects which increase with advancing age, and most 
attempts to overcome these effects have been based on methods designed 
to invigorate and stimulate the hair follicles. Hair tonics have been formu¬ 
lated with any of a long list of irritants which, used with vigorous mas¬ 
sage, should increase the flow of blood to the scalp and so, hopefully, 
increase the activity of the hair follicles. Claims have been made for each 
of three members of the vitamin B complex as preventers of gray hair, 
baldness, or both; pantothenic acid, 33 />-aminobenzoic acid, 34 and in- 
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ositol. 35 These claims were based on animal experiments and have not 
been confirmed by carefully controlled trial on humans, but a recent 
patent 36 claims that cosmetic preparations containing salts of panto¬ 
thenic acid can prevent falling hair, gray hair and dandruff. 

There is some evidence that baldness is brought on by accumulation 
of male sexual hormones, 37 but if so this effect has not been successfully 
overcome, either by medical or cosmetic treatment. Both the adrenal 
cortex and intake of sodium chloride seem to be involved in melanin 
metabolism which is so important in hair pigmentation. 88 Traub 39 re¬ 
cently summarized the present knowledge of hair growth and noted our 
lack of fundamental information on many phases. 

Improvement of Skin. It is probably the hope of every woman who 
applies cream to her skin that she will thereby achieve a smoother, 
softer, more youthful appearance. Certainly this effect is obtained to some 
extent, by supplementing the oily material normally secreted by the 
sebaceous glands, so that under conditions where the natural protection 
is inadequate, the oils applied in the cream furnish protection, and pre¬ 
vent excessive drying, chapping, and irritation. This protective effect is 
transient, and cosmetic research has striven to find ways to stimulate cells 
of the deeper layers of the skin, and possibly those of the underlying 
tissues, so that the pink color and firm, smooth texture of youth will 
return to a skin beginning to show the effects of age. One method which 
seems to have had some success involves the use of estrogenic hormones. 
It is well known 40 that these hormones can be absorbed through the 
skin into the system, if applied in large quantities and in the proper 
media, thereby exerting an effect bordering on pharmacology. By limiting 
the concentration to about 10,000 I.U. per ounce, we have a true cos¬ 
metic; for the therapeutic dose for systemic effect is generally 2000 to 
10,000 units per single dose, by injection; as much as 50,000 units per 
week are given in some instances. Klarmann 41 summarizes the evidence 
that a cream containing 7500 to 10,000 units of estrogenic substance per 
ounce does produce a beneficial local effect without systemic complica¬ 
tions. The estrogenic hormones applied topically have been reported to 
exert beneficial and stimulating effects on senile epidermal cells, correct¬ 
ing their excessive dryness and scaling; 42 histological examination of 
excised tissues showed regeneration of surface epithelium; and in the 
mesoderm changes indicating greater water content, increase in number 
and size of capillaries, and firmer bundles of collagenous fibers. Thus a 
general effect of firmness and smoothness is obtained. 

Other methods of making the skin look younger have been investi¬ 
gated. As Eisele and Eichelberger 43 note, the skin contains considerably 
more total available water than any other tissue of the body, and is one 
of the most important water-storage organs. Perdigon 44 considers hydra- 
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tion of the skin the central problem of aesthetic dermatology, and that 
homeostasis of extra- and intracellular liquids is best preserved by an 
isotonic solution containing all the mineral elements of blood plasma, 
such as diluted seawater or Quinton’s plasma. Quinton 45 showed a gen¬ 
eral analogy between the saline composition of sea water and that of 
blood plasma of invertebrates, and used this analogy as the basis of a 
therapeutic system for which he claimed remarkable esthetic effects 
throughout the body; many cases of eczema were rapidly cured, and 
psoriasis improved, owing to rehydration of epithelium. Perdigon 44 pre¬ 
pared oil-in-water creams on the base of sea-water diluted to isotonicity 
with blood serum, and claimed softening effects on dry, eczematous skin, 
with formation of healthy, supple epidermis. He reasoned that a curative 
factor is also a preventive, and that this cream should preserve skin and 
give the freshness, tonicity and elasticity which resist wrinkling and 
restore youthful appearance. 

It is possible that alteration of the inorganic salt content of cells may 
affect their permeability to nutrients, and their metabolism, as already 
mentioned under cell permeability. To make a cell more active, we must 
increase its intake and consumption of nutrients. Little is known of the 
absorption or utilization of nutrients by cells of the cutaneous tissues, 
although Borghi 40 reported that arginine is oxidatively deaminated by 
skin slices. Puccinelli 47 determined that the amino acids do not stimulate 
regenerative processes in amphibian epithelia, but that hydroxy proline 
increases oxygen consumption of the regenerating skin owing to activa¬ 
tion of connective tissue, which metabolizes it. The lack of vitamin A 
has been blamed 48 for dryness and scaling. Increased regeneration of 
epithelium followed application of cod-liver oil to the skin after wounds 
and burns. 40 Creams containing vitamins A and D were reported 50 to 
improve dry, flaking skins with crepelike wrinkles, restoring their normal 
pliability. 


Biochemical Classifications of Cosmetics 

Gattefosse 51 has classified cosmetics according to their effect on the 
biochemical factors controlling the state of the skin as follows: 
Hydration Modifiers . 

(1) Hydrating agents—glycerite of starch, glycerinated creams, water- 
rich creams, gum mucilage, glycerinated fruit juices, etc. 

(2) Insulating agents, protective and screening—petroleum jelly, 
lanolin-type creams, cold creams, etc. 

(3) Tanning agents—sun-tan lotions, alum and tannin preparations, 
astringents and deodorants. 
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Lipoid Content Modifiers . 

(1) Hydrophilic lipoids—lecithin creams, almond pastes, cholesteorol 
creams, etc. 

(2) Solvatizing agents—soaps, cleansing milks and creams, sulfated 
fatty alcohol creams. 

Ionization Modifiers. 

(1) pH modifiers—acid creams, milks, and toilet waters, toilet vinegars, 
distilled floral waters, alkaline creams. 

(2) Oxidation-reduction potential (rH) modifiers—oxidizing agents 
such as oxygenated waters and creams made with terpenic oils. 
Reducing agents such as sulfur creams and lotions, and organic 
sulfur creams. 

Pigmentation Modifiers. 

(1) Apparent modifiers—face powder, lipstick, rouge, nail enamel, hair 
dyes, sun-tan stains, etc. 

(2) Actual modifiers—melanodermia, etc. 

Local Innervation Modifiers . 

(1) Soothing creams and milks. 

(2) Camphor-ice, water, milk, etc. 


Modes of Preparation of Cosmetics 

Cosmetics are prepared in consistencies ranking from liquids to dry 
powders, the particular presentation chosen depending upon effective¬ 
ness, ease of use, and esthetic appeal. 

Solutions . Practically all perfumes and toilet waters are prepared as 
clear solutions, involving solution of the odorous ingredients, chilling 
and filtering. The preparation of perfumery materials from natural sub¬ 
stances or from chemical intermediates, of course, involves extensive 
extraction, distillation, chemical treatment, etc. which is outside the scope 
of cosmetic chemistry. Other cosmetics of solution type are some nail 
polishes and removers, brilliantines, astringent lotions, liquid deodorants, 
liquid rouges, hair lotions. 

Liquid Emulsions. Generally containing small amounts of oil, liquid 
emulsions are composed mostly of water and emulsifying agent (soap, 
gums, etc.). Hand and face lotions, beauty milks, and bleaching lotions 
are examples. Preparation involves thorough mixing of ingredients at an 
elevated temperature, in some cases by use of a homogenizer. Liquid 
powders are sometimes made as suspensions rather than emulsions, requir¬ 
ing shaking before use. 

Creams. Emulsions with an oily phase of sufficient amount and high 
enough melting point to solidify are used for a variety of cleansing. 
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facial, massage, vanishing, deodorant and other creams. Their prepara¬ 
tion involves heating the oil and the water phase separately, above the 
solidification point, slow mixing with thorough stirring, and fairly quick 
cooling to give a smooth texture and glossy surface. Much has been 
written on the science and technique of emulsions, 52 and hundreds of 
emulsifying agents are available. 

Pomades . Oil-wax mixtures without water are used, some with solids 
in suspension, as rouges, deodorants, liquefying creams, make-up bases, 
etc. Their preparation involves grinding the solids in all or part of the 
base, melting the ingredients together and careful stirring, to avoid 
settling, until solidified. 

Sticks . Stiffer pomades are cast into stick form. Lipsticks, deodorant 
sticks and eyebrow pencils are examples; these are prepared in the same 
way as the softer pomades, but poured into molds which are then chilled 
so that the sticks become hard enough to handle. 

Cakes . Preparations consisting mostly of solid ingredients may be com¬ 
pressed or cast into hard cakes. These are designed for application either 
by rubbing off with a dry puff (compact rouge, compact face powder) or 
by rubbing up into a paste with a moistened puff or brush (cake make-up, 
mascara). The first type contain little binder and are usually mixed dry, 
moistened and pressed. The second type may contain soaps and waxes 
and may be either pressed or cast. 

Powders. Preparations presented as dry powders include face powders, 
dental powders, talcum powders, foot powders. 

Whatever the type, a cosmetic product must be of attractive color 
and consistency, enticingly perfumed and packaged, in addition to 
being formulated and compounded for effectiveness in the intended 
application. 
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THE RECLAIMING OF ELASTOMERS 


D. S. le Beau 

Midwest Rubber Reclaiming Co., East St. Louis, 111. 


Introduction 

The invention of the vulcanization of rubber antedated the mass- 
productive rubber plantations in the Far East, and while it gave to the 
rubber industry the necessary foundation for future development and 
expansion, it also created a demand for rubber which could not be met 
at that time. This demand, in turn, created the need for a means of 
reclamation of the vulcanized rubber scrap. The literature shows that 
some of the earliest patents for the reclaiming of waste rubber date back 
to about 1850. The first type of rubber article made commercially was 
rubber footwear, and consequently this provided the source of the first 
large volume of vulcanized rubber scrap available for the production of 
reclaim. From about 1890 on, the bicycle industry expanded consider¬ 
ably, and during the first decade of the twentieth century the production 
of carriage tires was also large. Both of these items subsequently served as 
raw materials for the reclaiming industry. At present, about 85 per cent 
of all the rubber scrap reclaimed consists of automobile tires. 


Consumption and Production 

It is of interest to follow the consumption of new and reclaimed rubber 
in the United States over a period of years (Figure 1). These figures indi¬ 
cate not only the size of the reclaiming industry in this country, but also 
the proportions of reclaim versus crude rubber which have been used. 
Approximately 30 per cent of all the rubber used in this country is 
reclaim. Undoubtedly this was partly due to the outright economy 
achieved because of the price of reclaim. Figure 2, however, shows that 
even when the price of crude rubber was less than that of reclaim, the 
latter still maintained its volume usage. Therefore, the use of reclaim in 
rubber goods must offer other advantages than those attributable to price 
economy only. 
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Figure 1. Consumption of new and reclaimed rubber. 



Figure 2. The price of natural (i.e., crude) rubber and tire reclaim. 


The development of the various reclaiming processes was, in the be¬ 
ginning, closely related to the kind of rubber goods available and the 
compounding technique used in the production of these articles. The 
removal of fibers became necessary when quantities of bicycle tire scrap 
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were reclaimed, and two of the original reclaiming processes were initi¬ 
ated at that time. Accelerated vulcanization and the consequent change 
in the properties of the vulcanizates, the introduction of reinforcing 
carbon black into the rubber compounds, as well as the production and 
large-scale use of synthetic rubber, prompted the development of new 
reclaiming processes. Even within the last three years the progress made 
in compounding technique has changed the vulcanized scrap to a con¬ 
siderable extent. Thus, reclaiming processes have to be adapted to con¬ 
form to continuously changing raw materials. 

Devulcanization 

The term devulcanization has been used quite indiscriminately to de¬ 
scribe all kinds of reclaiming processes. Originally, vulcanization referred 
to the changes brought about by chemical addition of sulfur. By this 
definition, the reclaiming of vulcanized rubber cannot be called devul¬ 
canization because, regardless of the process, the removal of sulfur com¬ 
bined by primary valency forces is not achieved, even though claims 
have at times been made to the contrary. Whenever the combined sulfur 
was removed, the resulting product became useless. However, the vul¬ 
canization procedure has changed radically during the last ten years: 
polychloroprene is vulcanizable by the addition of metallic oxides; the 
amount of combined sulfur decreased considerably when organic ac¬ 
celerators were introduced, while at the same time the physical prop¬ 
erties of the vulcanizates improved. Today the concept of sulfur vul¬ 
canization—insofar as it concerns the use of organic accelerators—is 
not purely chemical; the importance of secondary forces is also recog¬ 
nized, and the physical combination of sulfur is evaluated more as a 
means of bringing about network formation within the hydrocarbon 
polymers. 

Calculations have shown that within the molecular-weight ranges com¬ 
monly encountered in rubber, very few cross links have to be formed to 
insolubilize the polymer. Thus, the concept of chemical combination of 
sulfur is now considered in terms of chemical as well as physical forces. 
As will be discussed later, reclaiming is believed to be the depolymeriza¬ 
tion of the vulcanized polymer. Since vulcanization, in its present con¬ 
cept, can be considered polymerization of the polymer, the term devul¬ 
canization, as applied to the reclaiming process, does not appear as 
erroneous as it had seemed. 

Major Reclaiming Processes 

Principally a reclaiming process will have to depend on the application of 
energy, whether in the direct form of heat, mechanical working creating 
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heat infrared irradiation, electronic heating, or bombardment by atomic 
fragments. At present, energy is applied by direct heat, since this is more 
economical today than other forms of energy. We can distinguish between 
three major lines of reclaiming processes: (1) mechanical processes; (2) sol¬ 
vent processes; and (3) processes making use of high temperatures and 
reclaiming catalysts in the presence of steam or water. 

Mechanical Processes. In these processes, which were developed at an 
early date, a large quantity of softener is added to the vulcanized scrap 
while the latter is worked on rolls. The reclaim produced is usually of 
inferior quality. While there may be some breakdown of the molecular 
chains, the large quantity of plasticizer used penetrates the mass and acts 
as a physical plasticizing agent, pushing the polymer hydrocarbon chains 
apart and changing the forces acting between the chains. This process 
is not used to any great extent, partly owing to the nature of the process 
and partly because of the fiber which is present in the major part of all 
the scrap. 

If, however, mechanical working is carried out at high temperatures 
(200°C or over), and oxygen is kept at a low level, reclaiming of the 
scrap can be achieved by breakdown of the polymer chains. # The addi¬ 
tion of small quantities of reclaiming catalysts increases the rate of the 
process. The process can be made continuous if a screwtype plasticizer 
apparatus is used to carry out the mechanical working, rather than the 
conventional two-roll plasticizer. Whether high or low temperatures are 
used, the presence of traces of oxygen is necessary. 

Solvent Process. The solvent process is employed mostly in Europe for 
natural rubber scrap, and relies on the solubilization of the vulcanized 
waste by means of elevated temperatures and pressures in the presence 
of large quantities of solvents. Actual solution of the vulcanized rubber 
does not occur, but rather a dispersion of it in the solvent. The dispersed 
particles are of colloidal size and are of a more corpuscular shape than 
those present in crude rubber, because chemical linkages between the 
chains of the vulcanized polymer have not been broken. Viscosities of 
such solutions are quite low in comparison to those obtained from crude 
rubber. Yet the dispersion of rubber produced in this way is rather fine 
and textile fibers which may be present are removed by filtration. The 
process is not used in the United States as it is considered uneconomical 
because it calls for large quantities of solvents and adsorptive towers for 
the collection of the latter. On the other hand, the cellulose fiber which 
is obtained on filtration is clean and not highly degraded and can find 
multiple usage. 

The reclaim remaining after solvent evaporation appears to be highly 
depolymerized and in that state is unsuitable for use. Simple mechanical 

* See U. S. Patents 2,221,490 (1940); 2,408,296 (1946); 2,461,192 (1949); 2,461,193 (1949). 
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working at elevated temperature (about 315°F) seems to cause repoly¬ 
merization of this reclaim, as evidenced by a toughening of the mass. 
However, if such working is carried out too long, a powdery brittle 
product is obtained which has no resemblance to rubber. 

Processes Making Use of High Temperatures and Reclaiming Cata¬ 
lysts in the Presence of Steam or Water. These reclaiming processes are 
most generally practiced today, mainly owing to economic factors which 
are in turn conditioned by the kind of rubber scrap available in large 
volume. Essentially, the methods rely on the action of heat, in conjunc¬ 
tion with steam and small amounts of reclaiming catalysts. Fiber, which 
is usually present (tire scrap), can be mechanically removed prior to 
reclaiming, or the two processes may occur simultaneously. In the latter 
case, the cellulose is destroyed by conventional methods of cellulose 
hydrolysis. Reclaiming is carried out either in a single-shell autoclave 
( heater , pan process) in direct contact with steam, or in a jacketed auto¬ 
clave (digester), the vulcanized rubber scrap being dispersed in an elec¬ 
trolyte solution. A combination of both methods is possible, using a 
single-shell autoclave and introducing steam directly into the suspension 
of vulcanized rubber and electrolyte contained therein. 

After completion of the reaction, the scrap is washed free of cellulose 
decomposition products, pressed, dried, and subjected to sheeting be¬ 
tween rollers with a high friction ratio (refiners). During this stage, any 
nondevulcanized particles fall off as tailings. The sheets obtained are 
approximately the thickness of paper and are wound up on a drum 
where, because of their coherence and tack, they form a solid slab. This 
process is used to such an extent and presents so many colloid chemical 
problems that it warrants detailed discussion. 


Effect of Particle Size and Shape on Reclaiming 

While the size of the scrap particles is undoubtedly above the col¬ 
loidal range, the effect of the particle surface is of predominant influence 
in reclaiming. 

The tire scrap is first cracked and ground between corrugated rollers, 
conveyed onto screens, and sifted. The oversize particles are returned 
for further grinding. The ground scrap contains the cotton and rayon 
fibers mixed with the rubber and partly adhering to it. If natural rubber 
only is present, the size of the particles will not be as important as in 
the case of the synthetic product. Natural rubber depolymerizes quite 
readily upon application of heat, sometimes even in the absence of 
reclaiming oils and catalysts, and becomes plastic again. Of course, it 
can be expected that this depolymerization will be less uniform if the 
particles become too large, with the result that highly depolymerized 
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parts of the mass may still contain some fairly hard particles. It is well 
known that materials of widely different plasticity will not mix satisfac¬ 
torily. Therefore, during the refining operation the less plastic particles 
will be ejected from the refiners in the form of tailings. 

During grinding, the size of the particles are of extraordinary im¬ 
portance when synthetic rubber only is present, because of its peculiar 
property of heat hardening (repolymerization) which is predominant over 
its depolymerization. For a mixture of both polymers, and in the presence 
of cotton or rayon, other factors complicate the grinding process. The 
fibers do not grind at the same rate as the rubber polymers. Moreover, 
GR-S polymer has a tendency to grind faster than natural rubber 
polymer. This may, in part, be explained on a mechanical basis: natural 
rubber generally shows greater adhesion to the fibers than the synthetic 
polymer, the fiber usually grinds slower than the polymers and so any 
polymer particles adhering to it, and possibly of adequate size to pass the 
sizing screen, would still be returned to the grinders because the com¬ 
posite of fiber and polymer would not pass the sizing screen. In part, 
however, the difference in the rate of grinding between the two polymers 
may also be attributed to their inherent properties. Grinding with 
present-day equipment involves a cutting as well as a tearing action; 
natural rubber, because of its molecular-weight distribution, and the size 
and configuration of its molecules, is in general more resistant to this 
action. 

If reclaiming oils and catalysts are added in the process, as is cus¬ 
tomary, the conditions of comminution become even more important, 
because the quantity of the above substances added to the total ground 
scrap is usually small, within a range of 0.5 and 20 per cent of the weight 
of scrap. These reclaiming catalysts and oils are expected to penetrate 
the polymer particles. Two phenomena of major influence will have to 
be considered if the scrap consists of both natural and synthetic rubber. 

(1) The rate of diffusion of oils into the scrap particles decreases as 
particle size increases. The amount of oil present at any given point 
within the particle will vary with the distance of this point from the 
surface of the particle. 

(2) The speed of diffusion of oils for natural and synthetic polymers is 
not the same. While the speed of oil uptake will also depend on the com¬ 
pounding and on the state of cure of the particular scrap, natural rubber 
in general permits a quicker diffusion of oils than GR-S. 

Considering the effect of the particle size on the rate of diffusion, it 
would appear desirable to decrease the particle size as much as possible, 
to insure a more uniform penetration and prevent hard particle centers. 
This, however, causes a tremendous increase in the total surface of the 
particles. To obtain a halfway uniform distribution of reclaiming oil 
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and catalyst under such conditions would necessitate the wetting of at 
least part of the surface of each particle. While reclaiming oils are usually 
hydrophobic in nature and therefore will wet the polymer particles pref¬ 
erentially, their volume is so small compared to the tremendous total sur¬ 
face of the particles which are to be wetted, that a thin film of oil cover¬ 
ing each particle will not be obtainable. The facts are brought out in 
the extreme by Table 1, where the effect of the particle size of the scrap 

Table 1. Effect of Grinding Synthetic Tires 
and Peelings* 

_ Scrap Mesh Size _ 

Production (ground to pass 5 mesh) (ground to pass 1 mesh) 

Pounds reclaim produced 30,041 29,112 

Refiner hours 144 202.5 

Pounds per refiner hour 208 144 

Per cent tailings 8.7 17.2 

* Kilboume, F. L., Rubber Age (February, 1949). 

on the production of reclaim is measured as refiner output. This table 
shows clearly that particles of large size will decrease the efficiency of 
the reclaiming operation, not only in machine output, but also in the 
amounts of tailings produced. (The experiment where the scrap was 
ground to pass a one-inch hole was an exaggeration; particles of this size 
do not occur under ordinary reclaiming conditions.) The increase in 
tailings produced from large particles is undoubtedly due, in part, to 
uneven penetration of reclaiming oil and catalyst. 

The difference in the rate of oil diffusion between natural rubber and 
synthetic rubber complicates the situation further. Thus, natural rubber 
(i.e., that part of the polymer mixture which, as we shall see later, is 
more amenable to reclaiming) will obtain a larger share of the reclaiming 
oils whereas GR-S suffers from oil and catalyst starvation. This condition 
will, of course, tend to produce a soft mass from that part of the scrap 
which is natural rubber, while the portion which is GR-S will not plasti¬ 
cize as much and may even harden. The consequence will be a non- 
uniform mass, producing a considerable quantity of tailings. 

Considering the points raised in regard to surface area, speed, and rate 
of diffusion of oils, it would seem advantageous to obtain oblong rather 
than corpuscular particles. An oblong particle shape would permit a 
minimum amount of comminution, while resulting in increased surface 
area for a given particle volume. The effect of rate of diffusion would 
also be decreased. The ideal particle shape would be that of a platelet 
or a sliver. While it is possible to change the openings in the sizing screen 
to an oblong shape, the majority of the particles ground with present 
equipment, and this holds particularly true for GR-S scrap particles, 
have more of a corpuscular than a plate-like or sliver shape. Nevertheless, 
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some improvement has been obtained from sizing screens with oblong 
openings. 


Influence of the Surrounding Medium on Reclaiming 

In as much as the purpose of reclaiming is to convert the highly elastic 
vulcanized scrap to a plastic workable state, we can expect that the best 
means of accomplishing this is to cause molecular breakdown of the 
polymer chains with minimal chemical changes. This would result in a 
highly polydisperse system of generally shorter molecular chain length. 
However, it should be remembered that both natural rubber and GR-S 
are very sensitive to the presence of even small quantities of oxygen. This 
sensitivity increases with rise of temperature. Natural rubber absorbs 
more oxygen at any given pressure than GR-S; thus it can be expected 
that the vulcanized scrap will contain some oxygen absorbed before re¬ 
claiming is begun. The quantity of oxygen will depend on the conditions 
under which the rubber was used, on the polymer itself, on the com¬ 
pound, and to some extent, on the state of cure. Unvulcanized natural 
rubber, if exposed to elevated temperatures in the presence of oxygen, 
shows a progressive decrease of its gel component. While the influence 
of the thickness and surface area (particle size) of the sample subjected 
to oxidation was hardly noticeable at lower temperatures, its effect be¬ 
came very pronounced above 70°C. Also, depending on the dimensions 
of the particles in the sample, a critical temperature was found below 
which enough oxygen dissolves in the polymer so as to permit a uniform 
and slow attack. At higher temperatures, however, the rate of attack of 
oxygen is so greatly increased that mainly the surface of the polymer is 
affected. 

In the case of GR-S, diffusion does not control the rate of reaction, 
provided that the thickness of the sample stays below 0.08 inch at 100°C 
or below 0.040 inch at 120°C. The marked influence of temperature on 
the reaction is again discernible. The state of cure of GR-S seems to have 
less influence on the reaction than that of a natural rubber compound. 
However, the presence of reinforcing carbon black strongly affects the 
oxidation of the polymer, and while comparatively little information 
is available for natural rubber, a series of accurate experiments on GR-S 
carbon-black compounds have yielded interesting results. Not only the 
quantity of carbon black, but also the temperature, exerts considerable 
influence on the extent of oxygen absorption. Furthermore, channel black 
was almost twice as effective as furnace black in promoting oxidation. In 
the initial stages of oxidation the presence of carbon black was found 
necessary for the activation of oxidation centers, the number of which 
increased with increasing carbon-black load. 
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The absorption of oxygen has been found to lower the physical prop¬ 
erties of the polymer considerably. For the purpose of reclaiming it is 
advisable to decrease oxygen absorption as much as possible and to 
prevent nonuniform oxygen attack. Therefore, it has been found de¬ 
sirable to carry out reclaiming in an oxygen-diluted atmosphere at 
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Figures 3, 4 and 5. Influence of the surrounding medium on reclaiming. 

elevated temperatures. This condition is essentially fulfilled when re¬ 
claiming is carried out at high temperatures in the presence of steam or 
water. Because of the great sensitivity of the polymers to oxygen, the 
influence of the surrounding atmosphere even under such conditions 
must be considered important. Usually temperatures between 150 and 
250°C are employed, and reclaiming which is carried out in open steam 
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(pan or heater process) proceeds at a greater rate than that which is 
carried out in water (digester process) of the same temperature. The rate 
and the quantity of chloroform-soluble polymer fraction which is pro¬ 
duced during reclaiming are usually considered as a measure of the mo¬ 
lecular breakdown. At present, very few data are available which disclose 
the course of the reclaiming reactions of GR-S. The following discussion 
is limited to natural rubber, and the data refer to the changes which 
occur in this polymer during reclamation in the absence of any oils or 
catalysts. 

Figure 3 compares the quantity and rate of chloroform-extract forma¬ 
tion for the heater and digester processes. The heater or pan process 
produces a greater amount of chloroform-soluble polymer fragments, 
within a shorter time, than the digester process. The quantity of acetone- 
extractable material formed during reclaiming (Figure 4), which can be 
associated with the formation of oxidized matter, is also greater if re¬ 
claiming has taken place in open steam and the unsaturation (Figure 5) 
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Figure 6. Influence of the presence of antioxidant on reclaiming. 

of such a reclaim decreases slightly with the time. This would seem to 
emphasize that even small changes in the quantity of oxygen available 
during the process exert a marked influence. Steam contains about 5 per 
cent of oxygen, the ground vulcanized polymer will contain some oxygen 
and fresh oxygen is permitted to enter whenever it is necessary to maintain 
the pressure. If, however, the polymer is reclaimed while dispersed in 
water, we can expect that less oxygen is available. Actually, the rate of 
molecular breakdown is smaller under these conditions and oxygen attack 
does not appear to any pronounced degree (Figure 4). It has also been 
known for a number of years that, if oxygen was introduced purposely 
into the digester during the reclaiming period, the rate of breakdown 
was enhanced and reclaiming was speeded up. In contrast thereto, a 
rubber compound containing antioxidant will show less molecular break- 




D. S. LE BEAU 


579 


down if reclaimed in either open steam or water (Figure 6) and the ace¬ 
tone extract formed during reclaiming is also decreased. 

The chloroform extract does not consist of “unvulcanized” polymer. 
Combined sulfur was found therein and determined by analysis. There¬ 
fore, the polymer chains present in the chloroform extract will contain 
cross-linkages. Since the introduction of even a very small fraction of 
cross-linkage has a tremendous influence on the solubility of a polymer, 
we must assume that the part of the polymer which dissolves in chloro¬ 
form is of rather low molecular weight. Furthermore, polymer particles 
contained in the chloroform extract must be of a more corpuscular shape 
than those in the crude polymer. 

Influence of Chemical Defibering Agents on Reclaiming 

Because most of the vulcanized polymer scrap contains fiber (from 
tires), some means for the removal of the latter had to be worked out. 
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Figures 7, 8 and 9. influence of chemical defibering agents on reclaiming. 
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Although heating in water or steam to high temperatures for a sufficient 
time will result in destruction of the fiber, this process is rather slow. 
Therefore, fiber-hydrolizing agents have been used early in the develop¬ 
ment of the reclaiming technique. Solutions of acids, alkalies and metallic 
chlorides, e.g., zinc or calcium chlorides, serve this purpose. The fiber de¬ 
composition products are removed by washing. The actual cellulose decom¬ 
position reactions are not sufficiently well known. There is no chemical 
equivalence in the effect between caustic or metallic chloride defibering 
agents. However, these defibering agents also influence the reactions oc¬ 
curring in both natural rubber and GR-S reclaiming processes. It was found 
that the acetone-extractable material does not increase to a large extent 
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Figure 10. Influence of the presence of antioxidant on reclaiming. 


during natural rubber reclaiming in the presence of a metallic chloride 
(Figure 7); the quantity of acetone-extractable material remains almost 
identical with that which has been observed for reclaiming in water. In the 
presence of alkali some of the saponifiable matter originating either from 
the rubber itself, or from added compounding materials, dissolves during 
the washing of the reclaim, because of the formation of soluble soaps. 
This reaction causes an apparent decrease in the acetone extract. However, 
the amount and rate of molecular breakdown of the natural rubber poly¬ 
mer depend on whether the reclaim was prepared in an alkaline or acid 
medium (metallic chloride). It should be pointed out that reclaiming 
carried out in the digester in the presence of water only, will result in slight, 
but discernible, acidity of the reclaim. This phenomenon explains why the 
data obtained for such reclaim and for that prepared in the presence of 
metallic chloride appear almost identical. It also emphasizes the impor¬ 
tance of the acidity or alkalinity of the surrounding medium in reclaiming. 
Both the rate and amount of molecular breakdown were found to be much 
greater in the alkaline medium (Figure 8). A slight decrease in unsatura- 
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tion (Figure 9) could be noticed for reclaim prepared in an alkaline 
medium. The chloroform extracts obtained from reclaims prepared in an 
alkaline medium were found to have unsaturation values identical with 
those obtained from the original compound, and also exhibited the 
phenomenon of “recovery” (toughening) during storage. Chloroform ex¬ 
tracts obtained from reclaims prepared in an acid medium showed a slight 
decrease in unsaturation. 

If antioxidant was contained in the natural rubber scrap the rate of 
molecular breakdown in alkaline reclaiming medium was decreased 
(Figure 10); however, no change in acetone-extractable material was ob¬ 
served. If vulcanized natural rubber scrap which has been subjected to air 
ageing is reclaimed, the acetone extract of the resulting product increases. 
Both the rate and amount of molecular breakdown increase also, regardless 
of whether reclaiming was carried out in open steam, water, alkali, or 
metallic chloride solutions, whereas the unsaturation does not change. 
(Conditions of ageing were not so drastic that the unsaturation of the scrap 
itself changed.) 


Oxidation of Rubber during Reclaiming 

Since the marked effect of oxygen on the polymer was known, it was of 
interest to determine whether any permanent chemical linkage took place 
between the natural rubber polymer and oxygen during the reclaiming 
process. Unsaturation analysis had shown little, if any, change to have 
occurred during reasonable time intervals either in the reclaim or in that 
part of it which had become chloroform-soluble. However, it was thought 
possible that this analysis might not reflect the permanent introduction of 
very small quantities of oxygen. Infrared spectrographical analysis of the 
reclaims showed that C = 0 and COH groups could not be found in water- 
or metallic chloride-digested reclaims. Pan-process reclaims and those pre¬ 
pared in an alkaline solution showed some absorption in the regions of 
the wavelengths associated with the above two groups. However, this ab¬ 
sorption was less than that observed for the vulcanized scrap which had 
not yet been subjected to reclaiming. 

Unfortunately, the various vibrational possibilities of ether linkages 
(C—O—C) have not yet been fully explored. These linkages could occur 
either inter or intramolecularly. However, they could not appear to any 
extent at the double bond, because the unsaturation of the polymer re¬ 
mained practically unchanged during reclamation. If, on the other hand, 
linkages between polymer chains occurred at the a-carbon atom, it can be 
expected that the quantitative chromic-acid oxidation of the natural rub¬ 
ber polymer would be affected by it. Data available at this time show that 
unless reclaiming is carried out under highly exaggerated oxygenating 
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conditions, the quantitative chromic-acid oxidation is very close to that 
obtained from the vulcanized, but not reclaimed, scrap. 


Storage of Reclaim 

The reactions occurring during the reclaiming process seem to continue 
during storage of the reclaim. The extent to which this will occur depends 
on the compound of which the scrap consists and on the time of reclaiming. 
Usually natural rubber reclaim prepared from highly reinforced com¬ 
pounds will show a decrease in plasticity and chloroform extract during 
storage. This is very similar to the well-known recovery phenomenon ob¬ 
served in unvulcanized rubber compounds after milling. However, natural 
rubber reclaims prepared from vulcanized compounds which did not con¬ 
tain any fillers prove to be rather unstable during storage; the shorter the 
reclaiming time the less stable the reclaims appear to be. Whereas the 
reclaims prepared in water or metallic-chloride solution do not exhibit a 
great change in their acetone extracts, the latter increases considerably 
during storage if the reclaim was prepared in the presence of an alkaline 
solution. Similar results are obtained when measuring the molecular break¬ 
down, showing that during storage the alkali reclaim increases considerably 
in chloroform extract, particularly if the reclaiming period had been short; 
whereas the reclaims prepared in the presence of water or metallic chloride 
change only moderately. The unsaturation of the alkali and pan-process 
reclaims showed some decrease. In contrast thereto, the unsaturation of the 
reclaim prepared in water or in a metallic-chloride solution hardly changed 
at all. These results show that the reclaims prepared in the presence of 
alkali or by the pan process are less stable than those prepared in acid en¬ 
vironment, i.e., in the presence of water or metallic-chloride solution. 


Reactions Occurring During the Reclaiming of Natural Rubber 

A discussion of the reactions occurring during the reclaiming of natural 
rubber must include our present knowledge of the steps in the molecular 
breakdown of the crude polymer. It is well-established that rubber can be 
heated up to 200°C without any molecular breakdown, provided that even 
traces of oxygen are absent. On the other hand, heating natural rubber 
to a temperature far below 200°C, in an atmosphere containing small 
quantities of oxygen, will cause its molecular breakdown. Milling natural 
rubber in the absence of oxygen will result in some plasticity increase; if 
traces of oxygen are present, however, considerable plasticity increase is 
obtained without any change in the unsaturation of the polymer (within 
reasonable time limits of milling). The plasticity decreases again if the 
rubber is stored after milling. The formation of hydroperoxides has been 
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proven to occur during milling. Hydroperoxidic reactions following a 
chain mechanism have been encountered in olefins and they have been 
discussed with special references to such long-chain olefins as natural 
rubber. 

Vulcanized natural rubber can be reclaimed at elevated temperatures by 
mechanical working, provided that traces of oxygen are present. Actual 
permanent combination of oxygen with the reclaim has so far not been 
found. The introduction of oxygen into the digester vessel will speed up 
reclamation in the presence of steam or water. A small amount of oxygen 
is present at all times during reclaiming and the alkalinity or acidity of the 
surrounding medium exerts considerable influence on the rate and quantity 
of molecular breakdown during the reclaiming process. Olefin hydro¬ 
peroxides can be formed during the comminution of the vulcanized scrap 
or during the actual reclaiming of it. The formation of active radicals, 
which is now considered the first step in this reaction, can occur if energy 
is supplied thermally. Some oxygen attack can also occur additively at the 
double bond to initiate the reaction, but to an insignificant degree only, 
and therefore it need not be reflected in any change in unsaturation of the 
reclaim. There is no doubt that reclaiming conditions permit these reac¬ 
tions to take place. The data have shown that the plasticization of the 
vulcanized scrap cannot be attributed to outright oxidation of the reclaim. 
Furthermore, peroxidic reactions, if once initiated, can continue even when 
reclaiming has been interrupted after a short time interval. Indeed, short- 
interval reclaiming should produce more unstable reclaims on the basis 
of this reasoning. Also, a hydroperoxidative breakdown of the vulcanized 
rubber during reclaiming should produce a reclaim of high and unchanged 
unsaturation, unless the time interval of the reaction is carried to extremes, 
in which case secondary reactions take place. The initial high rate of mo¬ 
lecular breakdown, as seen in pan-process reclaiming, can be explained on 
the basis of peroxidative chain reactions where, after the comparatively 
short time interval necessary for the initial formation of radicals, a high 
rate of activity can be expected. These peroxides are thermally unstable, 
and as the time of reclaiming increases a great number of active radicals 
are formed which, in turn, may react with each other, causing mutual 
inactivation. 

The great differences observed between the alkali- and metallic chloride- 
digested reclaims can be explained on the same basis. In acid media the 
decomposition of olefin peroxides was found to proceed largely along the 
lines of triol formation, which would not call for any loss in unsaturation. 
(The similarity between the data obtained from reclaims digested in water 
and those digested in metallic chloride can be explained by the fact that 
both are obtained from acid media.) In an alkaline medium, however, the 
decomposition of the hydroperoxides proceeds much farther and at a 
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greater rate than in an acid medium. This is reflected in the high rate 
of molecular breakdown during the initial reclaiming periods of the 
alkaline reclaim. Furthermore, reactions between olefins and olefin per¬ 
oxides are favored thermally and could result in a decrease of unsatura¬ 
tion, as occurs during the longer reclaiming periods in alkaline medium. 
This reaction would not result in additional molecular breakdown, which 
explains the chloroform-extract constancy in the later period of reclaim¬ 
ing intervals. 


The Structure of the Polymer and Its Influence on Reclaiming 

The considerations and data mentioned above refer to the natural- 
rubber polymer and its reactions during reclaiming, without the addition 
of oils and catalysts. It was soon found, however, that the synthetic poly¬ 
mers, including butadiene-styrene and butadiene-acrylonitrile copolymers 
as well as polychloroprenes, were not as responsive to reclaiming as 
natural rubber. Figures 11 and 12 show the change in plasticity obtained 
in general from vulcanized GR-S and natural rubber respectively. While 
the initial breakdown with GR-S is very pronounced, resulting in a high 
plasticity over a short time interval, longer reclaiming intervals appear 
to reharden the polymer. In contrast thereto, vulcanized natural rubber 
scrap breaks down very fast initially and remains more or less constant 
in its plasticity increase. Some hardening can occur; however, this is so 
small that it is often unobservable. 

The heat-hardening of GR-S polymers has been well known to the 
compounder for some time. GR-S compounds which were subjected to 
artificial ageing tests demonstrated this phenomenon; but no initial 
softening of these compounds was noticed at the time. This is not sur¬ 
prising, because artificial ageing tests are usually carried out in an 
oxygen-rich atmosphere for more than half an hour, whereas reclaiming 
is carried out in an oxygen-deficient atmosphere. This difference in the 
behavior of GR-S and natural rubber will cause the difficulties encoun¬ 
tered in the reclaiming of mixtures of these polymers or of mixtures of 
natural rubber with any of the other two synthetic polymers mentioned. 
Since the above experiments were carried out in the absence of any re¬ 
claiming oil and catalysts, the results must be attributed to polymer 
structures and behavior under reclaiming conditions. While the structure 
of natural rubber had been fairly well known over a period of years, that 
of GR-S had to be ascertained before any conclusions could be drawn 
as to its influence on the reclaiming process. 

The ultimate general behavior of any polymer depends on a number 
of features; the chemical make-up of the monomers from which it was 
prepared and the physical state and structure of the polymer chains are 
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important. The latter includes the length of the chains, their size dis¬ 
tribution and the shape of the chain molecules, i.e., their branching and 
netting. The chemical make-up of the polymer is of importance because 




Figures 11 and 12. The influence of the structure of the vulcanized polymer on 

reclaiming. 


the reactivity of the molecules ultimately controls the shape of the molec¬ 
ular chains both in the crude and reclaimed polymers. For example, 
the presence or absence of substitutional groups at the C = C bond in¬ 
fluences greatly the breakdown of long-chain polymers. Also, certain 
functional groups in the polymer molecules have been associated with 
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dipole linkage between the molecular chains. These groups may be intro¬ 
duced^ at least temporarily, during the reclaiming reaction. 

X-ray analysis reveals that natural rubber polymer contains the iso- 
prene units in the cis-position of the 1, 4-addition. The distribution of 
the molecular sizes is wide, the chains are coiled tightly and yet free 
enough to permit slippage with comparative ease upon application of 
stress. The following formula is a schematic representation of the polymer 
chains: 


CH 3 

—CH«—k=CH—CHiri 


-CH 2 —C=CH—CHr 
GHj 

Isoprene unit 


-CH2— 1 


CH 3 

i>=CH—CHa— 


It can be expected that chain breakdown would occur at those points 
where the smallest amount of energy has to be expended to accomplish it. 
The breaking of a normal C—C bond requires 81 kilocalories, whereas 
a double bond (C = C) requires 145 kilocalories. However, in calculating 
such energy requirements for a particular system, the resonance of the 
fragments formed in the breakdown of the polymer molecule must be 
taken into consideration. Calculations have shown that resonating sys¬ 
tems have a greater total energy than that which could be accounted for 
by considering only the bond energies of the normal structure. This 
additional energy amounts to 19 kilocalories for the allyl radical CH 2 = 
CH—CH 2 ). These energies cannot be neglected when the heat of fission 
is calculated. To break the bond at the a-carbon atom in the rubber 
chain, 


—CH 2 —C=CH—CH 2 -i 


i-CH 2 —C=CH—CH 2 — 




only 4S kilocalories would be required, since two allyl radicals would be 
formed (81 — 38=43). 

The unsaturation of the reclaims prepared from natural rubber is 
hardly different from that of the original vulcanized scrap. This can be 
expected if the molecular breakdown occurs along the lines indicated 
above and the process would have to be classified as depolymerization. 
Naturally, smaller chain segments can be expected to show greater plas¬ 
ticity than the original scrap. As the reaction proceeds over a period of 
time, it is possible that chain fragments reacting with each other can 
cause a decrease in plasticity. It should be mentioned here that while 
the above picture is that of a crude, nonvulcanized polymer, vulcanized 
scrap will be somewhat different in structure and breakdown. Vulcaniza¬ 
tion introduces some primary valency bonds, apart from causing other 
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changes of a physical and structural character. Thus, we can expect to 
find some rigidity imparted to the system, which did not exist in the 
crude polymer. However, few primary valency bonds are introduced in 
this way, and therefore the overall picture of the structure of the polymer 
chains will not be changed to any great extent. Furthermore, reclaiming 
does not remove these sulfur linkages. 

The variety of changes introduced into the polymer chains during 
polymerization of a synthetic polymer is by far greater than those intro¬ 
duced by sulfur linkage. If, for example, isoprene is polymerized syn¬ 
thetically, 1,2-addition as well as 3,4-addition, as schematically repre¬ 
sented, below, can occur, besides the 1,4-addition. 


ch 3 

CH 3 : 

ch 3 
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Both result in branched chains; however, the substitutional methyl 
group has a different position in these chains, which would influence 

depolymerization reactions. If butadiene is 

polymerized, only two kinds 


of addition products are obtained because this monomer does not possess 
any substitutional methyl group. The following is a schematic presenta¬ 
tion of the 1,4- and 1,2-addition products respectively: 

! i 

—CHj!—CH=CH—CHa-’rCHa—GH==CH—CHs-i-CH*—CH=CH—CH 2 — 
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Butadiene unit 
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Jh, 


The 1,4-addition product results in long chains as found in natural 
rubber; the 1,2-addition product forms branched chains. Infrared spec- 
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trography has shown that in the GR-S polymer about 19 per cent o£ the 
butadiene units are linked in the 1,2-position. 

Ozone analysis has indicated that about 31 per cent of the styrene 
present in GR-S forms a copolymer, where butadiene and styrene alter¬ 
nate and where the butadiene is present in the 1,4-position. Of the 
styrene present in GR-S, 40 per cent forms molecules where two styrene 
units are paired by polymerization. These pairs are separated by one 
or more butadiene units in 1,4-position. The remainder of the styrene 
enters into branched molecules formed by 1,2- and 1,4-addition poly¬ 
merization of butadiene units. Some evidence has been presented that 
styrene may also polymerize by forming a methyl group outside of the 
chain. While natural rubber presents a rather simple, repetitive and 
orderly fashion of polymerization, all of the above-mentioned structural 
chain units occur in GR-S. In natural rubber the groups which are of 
importance in the reclaiming reaction are spaced at regular intervals 
and can be considered identical with each other in regard to the possi¬ 
bility of the reactions occurring throughout the molecular chains; syn¬ 
thetic rubber with its conglomerate of chain structures will permit a 
variety of reactions to occur simultaneously during the reclaiming proc¬ 
ess, and will make their control much more difficult even under identical 
and controlled thermodynamic conditions. 

Linear polymers having therminal double bonds in the side chain 
will react differently under reclaiming conditions than polymers con¬ 
taining the double bonds in the main chain. The absence of double 
bonds in the main chain will not permit the peroxidative breakdown as 
encountered in natural rubber, and therefore the reclaiming of such 
polymers will be adversely affected. At the same time, however, the 
double bonds in the side chains will be capable of reaction (the forma¬ 
tion of carbonyl, epoxide and hydroxyl groups is entirely possible) and 
recombination with other side chains or with chain fragments obtained 
from the 1,4-addition polymerization will result in network-like struc¬ 
tures. The result will be a hardening, rather than a softening, of the 
polymer during progressive reclamation. 

Studies on the breakdown of GR-S compounds at high temperature 
in oxygen-containing atmospheres have shown that a preliminary 
breakdown occurs before hardening of the polymer sets in. These effects 
have been ascribed to a scission of chains occurring predominantly in 
the early stages of heating, which is then overshadowed by fusion of the 
chains predominating in the late heating stages. Going back to the time- 
plasticity curve for GR-S (Figure 11), it can be deduced that similar 
breakdown effects exist during the reclaiming of GR-S. The original, 
pronounced but temporary increase in the plasticity can be attributed 
to scission of the polymer chains. Later on, as more and more active 
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radicals form, secondary reactions will set in and cause the recombination 
of fragments and side chains, resulting in a less plastic network structure. 
Therefore, the heat-hardening will be more pronounced in the later 
stages of reclaiming. Thus, the two diametrically opposed directions of 
the breakdown reactions qan be held responsible for the peculiar shape 
of the GR-S plasticity curve. As the temperature of reclaiming is de¬ 
creased, the shape of the curve will change to a certain extent; the in¬ 
crease in plasticity during short reclaiming time will not be as marked, 
but neither will heat-hardening progress at such a rapid pace. 

This behavior of GR-S has caused considerable trouble wherever fiber 
removal is carried out by fiber hydrolysis during the reclaiming of the 
polymer. Considerations of an economic nature, as well as those concern¬ 
ing the corrosion of the pressure vessels, unfortunately result in a com¬ 
bination of circumstances which would make a longer reclaiming cycle 
advantageous for production. However, as the heat-hardening of GR-S 
progresses, the difference between the plasticities of natural rubber and 
GR-S in a mixture of the two becomes more and more pronounced. 
When milling and refining of this inhomogenous mass is attempted, after 
drying of the digested stock, proper mixing of the two components can¬ 
not be achieved and the hard particles fall off the refiner as tailings. 
This condition is still more aggravated in the presence of caustic, be¬ 
cause an alkaline medium increases the rate of heat-hardening of the 
GR-S considerably. 

The other two synthetic polymers available to any great extent for 
reclaiming, namely the butadiene-acrylonitrile copolymer and polychloro- 
prene, react very similarly in regard to heat-hardening. Apparently, how¬ 
ever, plasticization of these polymers is more of a problem, and neoprene, 
in particular, is very difficult to handle. Determination of unsaturation 
becomes rather inaccurate under these conditions and therefore very 
little information is available about the reactions occurring during 
reclaiming. 


The Effect of Reclaiming Agents and Catalysts 

Very little is also known as yet about the effect of reclaiming agents 
and catalysts and the reactions which occur in their presence.* Originally 
it was assumed that any plasticizer for the crude polymer would also be 
a reclaiming agent for the vulcanized material. This assumption can be 
made only if no other function than a lubricating effect is assigned to 
the reclaiming oil or catalyst. Such lubrication would be effective by 
pushing the polymer molecules apart and changing the cohesive forces 
between them. It would make reclaiming oils equivalent to plasticizers 

* Innumerable patents have been issued on this subject. 
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for the unvulcanized polymer, and would in effect postulate that any 
plasticizer used in the compounding of crude polymers should be a suit- 
able reclaiming oil for the vulcanized polymers. This assumption is not 
true. As far as it has been now possible to ascertain, reclaiming oils and 
catalysts are dependent on the presence of certain chemical groups and 
their preferred positions within their molecular structures. Plasticizers 
effective for the crude polymer are not necessarily reclaiming agents for 
the vulcanized form. This holds particularly true for the synthetic 
polymers. 

Later on the assertion was made that mixtures of natural and synthetic 
rubber could be reclaimed successfully, provided that both were swollen 
to the same extent by a given plasticizer. Again this proved fallacious. 
No connection has been found between the heat of swelling of rubber 
in various solvents and the effectiveness of the latter as reclaiming oils, 
nor have practical reclaiming procedures confirmed the above assertion 
in any way. In general it can be said that: 

(1) Reclaiming agents and catalysts which are effective in the reclaim¬ 
ing of the synthetic polymers will also be effective for natural 
rubber. However, not all agents effective for natural rubber are 
useful for synthetic types. 

(2) It is not essential for a reclaiming agent to remain in the polymer 
after the reclaiming process. 

(S) Certain chemical groups active in the reclaiming reaction have 
been recognized, but none of them has as yet been fully evaluated. 
Some of the reclaiming agents are capable of preventing or delay¬ 
ing the heat-hardening reaction of the synthetic polymers. Others 
merely increase the rate and extent of molecular breakdown, but 
permit heat-hardening to occur. 

One of the reclaiming agents for natural rubber which has been widely 
used over a period of years is coal-tar solvent naphtha. It does not remain 
in the polymer after the reclaiming process has been carried out. It exerts 
considerable influence on the amount and rate of molecular breakdown 
(Figure IS), but at the same time has very little effect on the acetone- 
extractable matter of the polymer. Molecular breakdown is again 
enhanced in heater-reclaiming as compared with that occurring in 
digester-reclaiming. The presence of solvent naphtha results in decrease 
in unsaturation, which is greater if smaller quantities of solvent naphtha 
have been used (Figure 14). This fact has been explained on the basis 
of the swelling caused by the solvent naphtha, resulting in progressively 
greater polymer chain separation as the quantity of solvent is increased. 
Keeping in mind the important role oxygen apparently plays during the 
reclaiming process, it can be expected that small quantities of solvent 
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HOURS OF HEATING AT >96 • C 

From le Beau, India Rubber World (October, 1048) 


Figures 13 and 14. The effect of solvent naphtha on (A) heater reclaiming 
and (B) digester (water) reclaiming. 


naphtha will increase the access to oxygen by swelling the polymer and 
thereby prying the molecular chains apart. However, the chains will not 
be pried apart to any great extent if the quantity of solvent naphtha is 
small, nor will there be enough of it to block the space between the 
chains uniformly. This nonuniformity will cause some strain and defor- 
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mation on the part of the rubber molecules. Oxidation will be favored 
under the above condition and these effects can be expected to be more 
pronounced in the heater than in the digester process. As increasing 
portions of solvent naphtha are used, the chains are pried farther apart 
and the distribution of the solvent naphtha molecules in the rubber 
becomes more uniform. Therefore, reactions between the chains are less 
likely to occur because chemical forces become weaker as the distance 
between the rubber molecules increases. Also the solvent naphtha mole¬ 
cules can be expected to exert a blocking effect. A chemical combination 



between the rubber and solvent naphtha probably does not take place, 
because the acetone extract of the natural rubber reclaimed in the pres¬ 
ence of various amounts of solvent naphtha is almost constant; if such a 
combination had occurred, the decrease in unsaturation would have been 
greatest when more solvent naphtha was used. 

It is interesting to compare the results obtained with and without 
solvent naphtha when reclaiming is carried out either in an acid or in 
an alkaline medium (Figure 15, 16). The effect of the surrounding 
medium (heater or digester) and its acidity and alkalinity still pre¬ 
dominate in guiding reclaiming reactions. Although the presence of 
solvent naphtha enhances the reclaiming reactions, it apparently does 
not change their course; hence, it can be considered a catalyst for these 
reactions. No such experimental data are available for the reclaiming of 
GR-S with solvent naphtha. However, considerable solvent naphtha has 
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to be used in the reclaiming of GR-S, and the resultant product has 
such poor properties that it is doubtful whether solvent naphtha can be 
considered a useful agent for GR-S. 

A study of the effect of alkylated phenolsulfides * on the reclaiming 
of GR-S indicated that these reagents are catalysts for the oxidative 
scission reactions. The chemical structure of these compounds was found 
to have considerable influence on their reclaiming capacity. Isomeric 
differences in the structure accounted for minor differences in reclaiming 
properties; however, substitution on the phenol ring had a strong bear- 
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From le Beau , India Rubber World (October , X9!f8) 

Figure 16. The effect of solvent naphtha on reclaiming. 


ing on the reactivity of the compounds. Xylenol sulfides were found 
more active than cresol sulfides and a nonsymmetrical trimethyl phenol 
sulfide was found to be most active of all. If a para-substituted alkyl 
group was present, its chain length did not appear to affect its reclaiming 
properties. If, however, two or more alkyl groups were introduced into 
the phenol nucleus, the reclaiming activity of these compounds was 
enhanced. The position of the alkyl groups was not as significant as their 
number. In contrast thereto, the position of the sulfide groups on the 
phenol ring was found to be very important; greater reclaiming reactivity 
resulted if these groups were placed either in the ortho or in the para 
position. It was also found that compounds having substitution of alkyl 
groups on the phenol ring showed better reclaiming properties than 
those containing fused-ring phenolic structures. Phenols which did not 
contain any substitutional alkyl groups had decreased reclaiming activity, 
and the introduction of additional hydroxyl groups in the phenol ring 
also decreased this activity. It was at first thought possible that the effect 

* See U. S. Patents 2,193,624 (1940); 2,333,810 (1943); 2,359,122 (1944); 2,363,873 (1944); 
2,372,584 (1945); 2,469,529 (1949). 
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o£ alkylated phenol sulfides might have been brought about by a 
monosulfide-polysulfide equilibrium. Experimental data have, however, 
shown that this mechanism is not the cause for their reclaiming activities. 
It is known that alkylated phenols protect synthetic rubbers during the 
ageing process, and it is possible that their presence during the reclaim¬ 
ing process may retard the recombination of chain fragments in a similar 
way. 

Aliphatic and aromatic mercaptans * have, at times, been considered 
useful reclaiming agents for GR-S. The aliphatic mercaptans, however, 
are rather poor reclaiming agents, regardless of the length of the aliphatic 
chain. The aromatic mercaptans were found to be more effective, par¬ 
ticularly if the phenyl group was replaced by the naphthalene group. 

The third group of chemicals which has been deemed generally and 
extraordinarily effective in reclaiming are amines. Whereas some of the 
other reactive reclaiming agents are not applicable to neoprene or 
butadiene-acrylonitrile polymers, the amines f are effective for the re¬ 
claiming of these polymers. Primary amines gave better results than 
secondary; and the latter were more effective than tertiary amines. In 
contrast, it was found that quaternary ammonium bases or their hydro¬ 
chloric salts were not able to compete in effectiveness. Aliphatic amines 
were more useful in reclaiming than aromatic amines. The introduction 
of hydroxyl, nitro, or sulfonic groups decreased reclaiming ability. The 
influence of these substitutional groups is similar to that mentioned 
when discussing the structure of substituted alkyl phenol sulfides. 

As can be seen from the preceding paragraphs, our knowledge of the 
effect of various chemical groups on reclaiming is sparse. Some of the 
above groups of reclaiming oils can enhance peroxidative cleavage of 
the polymers; however, it would be premature to designate this as the 
only reaction occurring during the reclaiming process. Amines, for ex¬ 
ample, have been found to prevent or delay the heat-hardening of the 
synthetic polymers, an effect which would have to occur quite apart from 
the peroxidative scission. It is interesting to note that amines which can 
be used as reclaiming agents often are also useful antioxidants for the 
polymers. 


Structure, Properties and Evaluation of Reclaim 

While the amount of chloroform extract may give a good theoretical 
basis for the evaluation of the amount of breakdown which has occurred 
during the reclaiming process, it does not explain the mode of molecular 
breakdown. Undoubtedly, the type of molecular breakdown will affect 

* See U. S. Patents 2,211,592 (1940); 2,414,145 (1947); 2,467,789 (1949); 2,471,866 (1949). 

f See U. S. Patents 2,504348-51 (1942); 2,338,427 (1944); 2,361,015 (1944); 2,414,428 
(1947); 2,423,032 (1947); 2,477,809 (1949); 2,478,826 (1949). ^ ' 
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the properties of the reclaim. Theoretically, the most desirable break¬ 
down would be one where the polymer chains are only shortened, with¬ 
out being subjected to netting. In this case the chloroform extract would 
be a true measure of the molecular breakdown and its viscosity would 
give some indication of the molecular weight of the soluble fraction. 
However, it should not be forgotten that in the case of a reclaim polymer 
certain changes in the shapes of the molecules have been introduced by 
vulcanization, resulting in the partial formation of a network by virtue 
of primary valency forces. Therefore, the molecular chains contained 
in the chloroform extract may be branched to some extent and any 
molecular-weight determination on the basis of viscosity measurements 
will not be quite true. If, at the same time, netting of the polymer 
should also occur during the reclaiming process, the chloroform extract 
may contain polymer chains of highly branched or netted structure and 
of corpuscular shape. Such particles would, in general, be quite insoluble, 
and therefore it can be expected that either the molecular chains which 
are present in the chloroform extract do not contain a great deal of 
netting and branching, or that the particles are of a low enough molec¬ 
ular weight to remain soluble. 

Similar considerations hold true for the chloroform-insoluble part of 
the reclaim. If netting does not occur during the reclaiming process and 
the original polymer molecules were predominantly long chains without 
branching or netting, the chain fragments present in the reclaim will be 
shorter but of the same general shape as the original chains. If netting 
occurs during reclaiming or if the original polymer molecules were 
highly branched and netted, the chain fragments present in the reclaim 
will be of very corpuscular shape. 

While it might appear, offhand, that such considerations are of a theo¬ 
retical nature only, it must be recognized that the kind of breakdown 
occurring during the reclaiming process and the recombination of chain 
fragments will determine the useful properties of the reclaim. It has been 
pointed out in the beginning that reclaim is used even when little or no 
outright economic advantage is involved, because of the helpful process¬ 
ing properties which it can impart to the various rubber compounds. 
These properties, however, will be a function of the reclaiming con¬ 
ditions. For example, it is possible to produce a reclaim of short and 
rather unbranched chain fragments, capable of considerable recovery. 
This reclaim possesses high shrinkage and plasticity and has its specific 
usefulness. In contrast, a reclaim possessing corpuscular chain fragments 
will show high dimensional stability, yet it can also possess high plasticity 
if the corpuscular chain fragments are small enough or if adequate 
amounts of permanent plasticizer are present. Furthermore, the physical 
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properties of both reclaims, such as tensile strength and elongation, can 
be identical. 

The measurement of plasticity has of late been increasingly used as a 
means of evaluation and control of the quality of the reclaim. The above 
considerations indicate this to be erroneous. Furthermore, a highly non- 
uniform reclaim may show identical plasticity values with a very uniform 
reclaim, provided that “enough mortar is available to carry the bricks,” 
or in other words, a very wide and uneven chain-fragment size distribu¬ 
tion need not necessarily affect the plasticity measurement. While litera¬ 
ture shows that plasticity measurements have been taken as an indication 
of the effectiveness of a reclaiming process, it is evident that such values 
will often not indicate whether or not netting has occurred during re¬ 
claiming, or whether a given reclaim will be capable of forming and 
maintaining a self-supporting film under stress. Possibly a coherence 
factor will have to be introduced into reclaim evaluation. 

The physical properties of vulcanized elastomer polymers are lowered 
during the reclaiming process. The rate of this decrease is most pro¬ 
nounced during the very first minutes of the reclaiming treatment and 
levels off fairly soon. This is not surprising, as the data have indicated 
that the rate of molecular breakdown is greatest during the initial period 
of reclaiming. The physical properties will naturally be most affected 
whenever the decrease in average molecular size is greatest. This condi¬ 
tion will be fulfilled in the original stages of reclaiming. Later on we can 
also expect that chain fragments may be mutually inactivated by recom¬ 
bination. Attempts to improve the tensile strength and abrasion prop¬ 
erties by copolymerization of the reclaim with appropriate monomeric 
compounds have been successful. 

The results of the reclaiming process will naturally depend on the tem¬ 
perature at which it is carried out. Interestingly enough, the presence of 
reclaiming oils is actually beneficial in preventing some of the degrada¬ 
tion of physical properties. This is particularly true for the elongation. 
Inasmuch as we have no means available to measure the size and shape 
of the chain fragments of the chloroform-insoluble part of the reclaim, 
we have no means to determine whether this action of the reclaiming oil 
is due to a change in the size of the chain fragments or to less netting. 
X-ray analysis, which might provide an answer, has so far not been very 
successful; however, insufficient work has been done along these lines. 
Natural rubber reclaim in the unvulcanized and stretched state will not 
show a fiber pattern even though its elongation at break is beyond that 
at which fiber structure can be observed in vulcanized rubber. Continuous 
flow during exposure to x-rays may possibly explain why the rubber 
molecules do not align properly and interlock at certain positions. This 
behavior can be expected from a low molecular-weight polymer. How- 
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ever, if a compound is prepared from natural rubber reclaim and vul¬ 
canized very slightly, elongations up to 750 per cent can be obtained. 
X-ray diffraction analysis of this compound yields indications of a fiber 
pattern. It is known that upon air-oven ageing of vulcanized rubber, 
greater elongations are necessary to obtain the fiber pattern than for an 
identical unaged vulcanized compound. This effect can possibly be ex¬ 
plained by molecular breakdown and resulting flow or by severe oxida¬ 
tion which hampers the fiber alignment. Infrared analysis has shown that 
reclaim does not consist of severely oxidized rubber; however, the align¬ 
ment of the molecules could also be hampered by branching, netting, or 
cyclization. At this time, it is impossible to decide which of the above 
possibilities may cause the phenomenon. 
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CHEMICAL AND PHYSICAL MODIFICATIONS OF 
TEXTILE FIBERS 


H. C. Borghetty 

General Dyestuff Corporation, New York, N . Y. 


Ever since the successful introduction of synthetic fibers, theie has been 
a constant increase in activity towards the development of chemically- 
modified cellulosic fibers. This in turn has given the necessary impetus, 
long overdue in the textile industry, to scientific workers of various other 
fields and has permitted the pooling of information that has brought 
about the many investigations and practical applications now under way. 

Although the textile industry actually pioneered the great industrial 
revolution of the eighteenth century and continued to be alert to all 
new mechanical tools, it did not show the same inclination to participate 
in the improvements made available by the chemical and physical dis¬ 
coveries of the twentieth century. As the reasons for this lack continue 
to exist and will therefore continue to impede some of the potential 
developments, they should be recognized as follows: 

(1) Textile fibers are numerous, derived from many sources, mineral, 
vegetable and animal and thus are subject to various methods of 
dyeing and finishing. This resulted in the establishment of many 
different branches of the industry in different geographical locations, 
causing considerable difficulty in cooperation and coordination. 

(2) The art of fiber- and fabric processing is rather intricate and re¬ 
quires a painstaking and lengthy apprenticeship that in turn dis¬ 
couraged the entry of the chemist into the textile mills until a few 
decades ago. These chemists are now fulfilling the coordinating 
function with the various interested industries, which promises 
much. 

(3) The system of marketing fabrics is so complex that the actual 
product is oftentimes not owned at the source where the greatest 
amount of workmanship is performed. Unfortunately, also, the 
greatest profits are reaped where less scientific knowledge is re- 
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quired, which means that often no funds for scientific research are 
made available. 

The future advancement of the industry, in spite of these drawbacks, 
is assured mainly because of the renewed interest that is evident and 
which is traceable to the foundations laid by the following related and 
cooperating service industries: 

(1) The dyestuff industry supplies the textile manufacturers with the 
colors so essential for the beautification and styling of modern 
garments. This branch of the chemical industry made such rapid 
strides in a few decades that it greatly outpaced the dyeing tech¬ 
niques available and then paused, awaiting wider application of 
the many dyestuffs developed. Dye application techniques, mean¬ 
while, are being so improved by the use of new continuous textile 
machinery that the dye manufacturers are again readjusting their 
programs. 

(2) The plastics industry originally supplied coating lacquers for 
fabrics used for raincoat cloths, artificial leather and bookbindings. 
The multitude of new plasters now supplement and supplant tex¬ 
tile fibers in many uses. Plastics such as Saran, Vinyon and nylon 
are full-fledged textile fibers and bridge the gap between the textile 
and plastic fields, thus yielding efficient cooperation. This new 
industry is thoroughly scientific and has been indispensable in the 
new textile recovery. 

(3) The synthetic fiber industry is completely new, fully integrated, 
and controls not only the raw material supply, but also the entire 
chemical and manufacturing process from beginning to end, with 
a definite interest in marketing its own product. This industry was 
admirably suited to direct its spectacular growth along sound chem¬ 
ical engineering principles. 

Man-made fibers possess the advantage over natural fibers of 
being produced in a chemical state almost completely free of im¬ 
purities, whereas the natural fibers contain many impurities, dirt, 
grease, etc., that must be removed before spinning and weaving. 
The goal of the synthetic fiber manufacturer, however, is to pro¬ 
duce materials possessing the qualities of natural fibers, hence the 
desire to make a rayon resembling silk. At one time rayon was 
called artificial silk , indicating the hope that the goal had been 
achieved. The similar terms, artificial wool and protein fiber, were 
coined to indicate substitution of the animal fibers. 

The synthetic fiber industry now supplies approximately 17 per 
cent of the total textile output. Its close contact with every phase 
of research, manufacturing and merchandising has stimulated the 
entire textile field. 
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Types of Modifications 

Chemical modifications had the primary object of varying the dyeing 
affinity of cellulose fibers in an endeavor to render them receptive to 
wool dyestuffs. Such a goal would mean greater flexibility of coloring; 
would permit simultaneously dyeing of wool and of chemically-modified 
cotton in one bath, thus enabling a “covering up” of the less expensive 
cotton component in mixed fabrics. A means to achieve this is indicated 1 
by the use of stearylamine acetate in conjunction with formaldehyde. 
The use of benzoyl chloride to render cotton immune to dyeing is an 
application giving a two-tone effect. 

Physical modifications of fibers formed the basis of textile finishing 
operations and comprised mechanical methods of varying the surface 
characteristics of fabrics: calendering, schreinering napping, shearing, 
embossing, glazing, tentering, etc. were the old-time trade secrets of the 
practical textile finishers, and were later supplemented by the wet process¬ 
ing operations, such as starching which imparts firmness, “feel” and bulk 
to fabrics, or oiling with solutions of sulfonated olive oils which impart 
softening and draping qualities. These materials which together with 
hygroscopic agents, waxes, and dulling agents, are water-soluble and 
therefore removable during the first washing of the garment by the 
consumer, constituted the majority of the chemicals applied to cloth 
until the introduction of synthetic resins which impart permanent modi¬ 
fication of physical characteristics. One exception in the former methods, 
which constituted a milestone in the finishing of textiles, was the per¬ 
manent modification of cellulose obtained by successful adaptation of 
Mercer's idea of swelling the cotton fiber by means of concentrated 
sodium-hydroxide solution. This treatment gives increased tensile strength 
and increased affinity for dyestuffs, as well as increased luster when ap¬ 
plied in conjunction with tension. The mercerized fibers retain their 
softness and other characteristics while acquiring greater chemical reac¬ 
tivity. Mercerized cotton has a rounder cross section as a result of the 
swelling induced during the treatment. 

Chemical modifications other than for the specific purpose of changing 
dyeing properties, impart many variations of the physical properties as 
well, so it is not necessary to endeavor to classify the exact borders of the 
changes produced. The various modifications are, therefore, best referred 
to accounting to the final results, rather than the exact means of achiev¬ 
ing them. The animalization of cellulose which falls more closely under 
chemical changes will be covered farther on in the paper. 
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Cotton (Cellulose) 

The uses of this fiber are so multiple because of its outstanding resist¬ 
ance to wear and washing, coupled with its low cost, that it maintains 
dominance of the textile field by showing 70 per cent of the total pound¬ 
age used. Improvements possible today make it highly probable that this 
ratio will be maintained and that the synthetic fibers will not make 
greater inroads at its expense but rather at the expense of wool and silk. 

A well-known permanent finish for cotton fabrics is based on the 
application of cellulose xanthate solution, followed by coagulation, to 
yield a high-luster fabric used for table cloths. Similar effects can be 
obtained by treatment with a cold cuprammonium solution (copper hy¬ 
droxide in ammonia) that dissolves the cotton surface partially and 
eliminates the fuzziness; decopperizing of the fiber to remove the blue- 
green color gives a lustrous surface and a firmer fabric. The color can 
be allowed to remain and filter cloths or mildewproofed fabrics for out¬ 
door use result. The firm finish is a consequence of the bonding effect of 
the dissolved cellulose during the cuprammonium reaction on the surface 
of the fiber. Alkali-soluble cellulose ethers, such as ethyl cellulose, can 
be applied and precipitated by acid to add a lustrous flexible layer of 
cellulose, giving a permanent finish to cotton. A parchmentized cotton 
surface can be obtained by rapid treatment with concentrated sulfuric 
acid, followed by immediate neutralization. This treatment, known as 
the Heberlein process, gives firm finishes of high permanence to washing. 

Modification of Cellulose. The cellulose molecule is made up of 
many cellobiose units. Cellulose chains are arranged in bundles or 
micellae oriented parallel to the axis of the fiber. A group of micellae 
form a fibril or fiber element. 

According to Mark, 2 cellulose in cotton has a molecular weight of 
1,600,000, whereas other typical polymers show the following molecular 
weights: 


Material 


Molecular Weight 


Cellulose in native cotton 
Cellulose in wood pulp 
Cellulose in rayon 
Cellulose in acetate rayon 
Polyamide (nylon) 


1,600,000 

1,600,000 

80,000-160,000 

80,000-140,000 

25,000 


Cellulose is a comparatively stable substance and its main reactions 
are those of the alcoholic hydroxyl groups. Its main derivatives are, there¬ 
fore, ethers and esters. Although there are three hydroxyl groups to e a c h 
glucose unit, the esterification of all three is difficult and often stops 
when one group only has been reacted. In bundles of cellulose chains, 
only the surface groups are apparently reacted, while the inner groups 
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are not reached. The mercerization process mentioned before renders 
the —OH group more reactive so that a water-repellent, stearyl cellulose 
can be obtained by reacting mercerized cotton with 3 stearamido methyl 
pyridinium chloride 


H 


HssGjy—G—NH—C—N • Cl 

II I /\ 

O HI 

V 


+ CkHioOb 


H3fiC 17 —CO—NH—CH 2 —O—C,}H b 0 4 


The above reaction is utilized considerably in the textile industry for 
cotton fabrics destined for water-repellent rain-wear garments. It points 
the way to a multitude of similar ones yielding permanently-modified 
cellulose possessing many attributes such as mildewproofing, bacterio- 
stasis, etc. A similar reaction, also resulting in a water-repellent cotton, 
is accomplished by condensing N-octadecyl-N'-ethylene urea isocyanate 
obtained from ethylenimine, with cellulose: 


/ 


ch 2 


R —N—C—N 


\ 


+ HO — Cell. ■ 


CH 2 


>R ■ NH—C—NH • GH 2 CH 2 —O— Cell. 

h 


N-Octadecyl-N'-ethylene 
urea isocyanate 


Flameproofing has been obtained by reacting cotton with phosphoric 
acid and urea to yield a phosphate ester,* 

^OH • NH^ 

Cell.— O—P C=0 

\dh • NH/ 7 


of good resistance to washing. Flameproofing, until the recent introduc¬ 
tion of this finish, was carried out by impregnating the fibers with water- 
soluble ammonium phosphate, boric acid, borates and barium sulfate. 
Pigments such as antimony oxide, held mechanically to the fiber with 
binders based on chlorinated rubber, are still used extensively for tentings. 

Synthetic Resins. The greatest step forward in the textile field in recent 
years has been the introduction of the synthetic resins or plastics. Phenol 
formaldehyde and urea formaldehyde have soluble monomers which 
readily polymerize, yielding water-insoluble polymers. Cellulose fibers are 
able to absorb these materials, which are then deposited permanently, 

* Ban-flame, J. Bancroft and Sons Co., Wilmington, Del. 
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giving a variety of finishes. The wrinkle-resistant finish, both for cotton 
and rayon, are based upon such application, and it seems that the resin 
imparts substance to the fiber without in any way detracting from the 
feel of the final fabric. Crush-resistant properties greatly enhance cellu¬ 
lose, giving it some of the most desirable characteristics of the more 
complex wool fiber. 4 

The phenol-formaldehyde resins were later discarded for textile use 
because they tend to yellow and, furthermore, give a phenolic odor to 
the fibers; but urea formaldehyde has become one of the standard 
thermosetting resins, imparting crush resistance to fabrics. Melamine- 
formaldehyde resins have been found to be as fully satisfactory as the 
urea type and have a multitude of uses. Application of amino-formalde¬ 
hyde resins to cotton fabrics, in conjunction with a high-temperature 
calendering operation to induce flow during the partial setting of the 
thermosetting resins, gives origin to the permanently high-luster, Ever- 
glaze finish used for chintzes. 5 Another application covers the use of 
melamine resins to give flameproof finishes on cotton. 

When the resin is applied to the fabric, giving a thread locking or a 
bonding of the fibers instead of impregnation of the cellulose, the result¬ 
ing effect is a nonslip finish, 6 which is a development of importance. 
Fabrics of filament rayon have always shown an excessive tendency to 
fray readily when very slight pressure is exerted along the warp or 
filling or by strain at the seams. This fraying effect is naturally caused 
by the very smooth surfaces of the individual threads which offer no 
resistance except that given by the interweave of the threads themselves. 
It naturally follows that the number of warp and filling threads per inch 
and the weave of the fabric are the two controlling factors in the case 
of slippage of the threads. Low-count fabrics fray so much that often 
they cannot be used commercially. Satin designs of 140 x 60 or lower ex¬ 
hibit great deficiency in this connection. The introduction of the nonslip 
finish has greatly reduced slippage, and today it is possible to manufac¬ 
ture additional low-count fabrics regardless of count and design, which 
are merchandizable. 

The adaptation of the smooth, high-luster rayon satin to the lining 
field, in place of high<ount twills, has been brought about by the appli¬ 
cation of nonslip treatments. This finish consists in bonding the warp 
and filling threads at their points of interweave by first saturating the 
fabric with a solution of a resin and then drying while maintaining the 
fabric at its correct dimensions (xuidth and length). 

The modification of this treatment gives dimensional stability to 
fabrics. It is well-known that cellulose fibers, because of the presence 
of the many —OH hydrophilic groups in the molecule, tend to swell 
readily in water. The resultant increase in the diameter of the yarns 
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gives a distortion of the threads of the fabric, causing shrinkage of the 
fabrics. Dimensional stability can be maintained in two ways: (1) by 
physical bonding of the warp and filling threads, or (2) by hydrophobiz- 
ing of the hydrophilic groups to avoid swelling of the fiber. The latter 
effect is being increasingly developed. 

Urea formaldehyde and melamine formaldehyde resins act by filling 
the interstices between the fibers, rendering them less apt to swell as 
well as giving a bonding structure. The use of formaldehyde alone blocks 
the majority of the surface —OH groups, rendering the fabric consider¬ 
ably less hydrophilic, and performs the function even more satisfactorily 
than the resin condensates. The introduction of glyoxal, CHO—CHO, 
which acts in like manner to formaldehyde but is less volatile, more 
reactive and requires less acid, is the basis of the Sanforset process to 
render rayon fabrics shrinkproof or dimensionally stable. 

The above three types of resins—phenol-, urea- and melamine formal¬ 
dehyde—belong to the condensation or polycondensation group because 
they are obtained by condensation, followed by passage to an insoluble 
polycondensate state on drying and curing, in the presence of a catalyst. 

Another group of resins derived by polymerization or copolymerization 
are applied to cotton fibers to give various finishes that are rapidly 
replacing starch and other fugitive finishes. Such resins are the: vinyl 
chloride and vinyl acetate thermoplastics. They serve to give water- 
repellent coatings and are used as binders for pigments. Vinyl chloride- 
acetate copolymers are also thermoplastics. They are used 7 for the trube- 
nizing of collar cloth in the shirting field. The plastic, applied in water 
emulsion, acts as a laminating agent between two pieces of fabric. Heat 
and pressure create bonding effect. Polyvinyl alcohol, made by hydrolysis 
of the acetate, is a water-soluble thermoplastic yielding clear, tough, 
transparent films which act as ideal sizing agents for threads and fabrics. 
They are also used in conjunction with glyoxal for shrinkage-resistant 
finishes on rayon. Styrenes made from benzene are thermoplastic types 
which give full-bodied finishes of good wash-fastness, while the various 
acrylates and methacrylates are becoming increasingly important by their 
ability to impart abrasion resistance, increased wearability and slip¬ 
proofing qualities when used as water dispersions. They dry to clear, 
nonbrittle films. 

The third group of resins used widely in many phases of the textile 
field are the polymers represented by cellulose esters arid ethers such as 
acetate, nitrate, and ethyl cellulose, used mainly as binding agents and 
to obtain modified hand of fabrics or coated effects. 

New resins based on silicones have just begun to be utilized because 
of various properties; water repellency, slipproofing and foam killing. 
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These are organosilicon oxide polymers obtained from organosilicon 
chlorides: 


R 2 SiCl 2 ->A> Si(OH) a 


(R =’alkyl) 


~R 

si—o— 



It is possible to obtain a host of varieties of finishes by the proper 
selection of resins and by varying the application methods. Fabrics today 
can be altered not only by changing the twist and weight of the yarns 
or the count of the fabric, but also by imparting absorbency, firmness, 
rigidity, resiliency, luster, coolness, and wearability. The horizons of 
finishing are so wide that it is easy to see how the textile chemical field 
is growing faster than the dyestuff field from which it originated, because 
while the latter imparts visual advantages, the chemical finishes embody 
improvement of quality, ennoblement of the properties of fibers, and 
increased life of the garment, and also permit the use of low-cost fibers 
in place of expensive ones. 

Other Finishes for Cotton. Besides the standard wet-application chem¬ 
icals, the resins, and the dry mechanical treatments, tlierfe are new 
quaternary ammonium compounds which efficiently inijpart at high degree 
of softening and also a fair amount of wash-resistance. These materials 
are cationic or reverse-charge types, a terminology used in the textile 
industry, to denote large colloidal molecules in which the active or bulky 
ion is the cation. Applied to the negatively-charged cellulose fiber they 
exhaust readily, giving a monomolecular layer of positively-charged fatty 
derivative on the surface. These materials, in addition, possess dye-fixing 
properties on many direct-dyeing (substantive) colors which heretofore, 
however, have also shown a simultaneous loss in light-fastness. This prob¬ 
lem is being studied and appears to be meeting with success by the use 
of synthetic resins. Dicyandiamine-formaldehyde and guanidine-formalde¬ 
hyde resin solutions are applied. 8 Nitrogenous bases condensed with 
glycerin yield similar effects. 9 Aftertreatment with polymerized amines 
such as polyethylene-polyamine 10 gives good dye fixation. 


Synthetic Fibers 

The main types of synthetic fibers are the regenerated cellulosic fibers, 
and to a lesser degree, the cellulose acetates. Rayon is the generic term 
for filaments made from various solutions of cellulose by extrusion 
through orifices, followed by solidification in the form of continuous 
filaments. The first rayon of the series was prepared by extruding an 
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alcoholic solution of cellulose nitrate, followed by denitrating to regener¬ 
ate the cellulose—this method has now practically fallen into discard. 
The cuprammonium process has also become a minor one, yielding place 
to the more efficient Viscose process. Viscose rayon is produced by soaking 
alpha-cellulose from wood pulp in caustic soda and dissolving the aged 
mass in carbon disulfide. The reaction product, cellulose xanthate, a 
viscous liquid, is extruded through spinnerets, coagulated in dilute acid 
and then desulfurized to reform cellulose. 

Acetate rayon, on the other hand, is the acetylated ester obtained by 
steeping cellulose in acetic anhydride, and then dissolving in acetone 
to give a spinnable solution from which the acetone evaporates after 
extrusion. This fiber has natural crease-resistance and lower water- 
absorbency on account of the diminished number of hydrophilic —OH 
groups and is a more highly valued textile fiber than viscose rayon. Its 
advantages however led to dyeing difficulties until a new series of dye¬ 
stuffs were synthesized. Special dyeing procedures were required. Some 
methods, based on amino anthraquinones, were found to be defective in 
resistance to atmospheric gases (coal combination products, N0 2 ,S0 2 , etc.) 
and gave the trouble known commercially as gas fading , necessitating 
the use of gas inhibitors or fume-proofers for correction. Alkaline solu¬ 
tions, amine derivatives, and guanidines have been found to remedy this 
objectionable feature of the blue and blue-component shades, and recent 
improvement of treating agents actually gives desirable protection even 
to washing. Formaldehyde-polyamine condensates 11 are also used. 

Chemical Modifications of Cellulosic Fibers. The filamentous cellulose 
fibers, viscose and acetate rayon, when chopped into short lengths of 
5/8 to 3 inches, yield spun-rayon or staple-rayon fibers which can be 
carded, spun, and woven on standard cotton-system machinery to give 
fabrics of entirely different aspects, feel, and warmth. This innovation 
started one of the foremost developments of the industry. The soft, 
spongy fibers that resulted were admirably suited to take the place of 
the finer fibers, linen and wool. Spun-rayon fabrics, coupled with the suc¬ 
cessful use of the synthetic-resin solutions and dispersions giving struc¬ 
tural stability to the fibers, opened a new horizon of fiber development 
and gave the ideal physical properties to fibers. 

Chemical modifications, to give fibers equal in every respect to wool, 
proceeded rapidly and continues to do so. Whether this is a worthwhile 
line of research, is not yet fully apparent but the information obtained 
so far appears to indicate that the knowledge acquired will be readily 
absorbed into the entire textile-development framework. Chemical modi¬ 
fication of cellulosic fibers has been given a great deal of consideration 
in recent years and the number of patents granted on such modifications 
increases rapidly from year to year. 
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Recent modifications in cellulosic fibers actually show that many of 
the physical as well as chemical properties of wool can be duplicated. 
Physical properties such as feel, nonconductance, luster, and degree of 
curl render cellulosic fibers similar to wool in appearance, wearing- and 
warmth-giving properties. Viscose-rayon fiber at present offers the greatest 
possibility of success, and the effort contributed to its- change is suf¬ 
ficiently interesting to warrant an outline of the various investigations 
under way and commonly referred to as the animalization of cellulose 
fibers. '• 

Animalization of Cellulose Fibers. The primary objective of a modified 
cellulose having the characteristics of animal fiber, is that of rendering 
it receptive to wool-dyeing colors, mainly acid dyestuffs, increased affinity 
for basic colors can also be imparted, but this category pf coloring mat¬ 
ters has as its only attribute great brilliancy, offset by unusually inferior 
light-fastness properties. Treatment of cellulose with paratoluene sulfo- 
chloride, in the presence of a solvent, yields fibers which dye readily with 
basic colors without need of the usual preliminary mordanting tannic- 
acid treatment; the affinity for direct dyestuffs is also proportionately 
diminished. 12 

In the more recent attempts to animalize synthetic cellulosics, appro¬ 
priate consideration has been given to the practicability of achieving the 
results by applying the treatments at the correct stage of manufacture; 
hence the following two approaches: (1) Addition of animalizing agents 
to the mass of the rayon, prior to extrusion of the filaments; viscose rayon 
can be easily treated during its various stages of preparation; i.e., as alkali 
cellulose, xanthate cellulose, or viscose. (2) Addition of the animalizing 
agent after spinning of the filament: this can be achieved by direct treat¬ 
ment of the fiber before, during, or after coagulation. All types of 
cellulose-derived rayons—viscose, nitro, cuprammonium, or even acetate 
—can be animalized. Proteins and nonprotein, nitrogen-containing sub¬ 
stances have been found most suitable to render cellulose wool-like, and 
the principal methods are described in the following sections. 

Use of Proteins. The first successful animalized viscose-rayon fiber ap¬ 
peared in 1932 under the name of “Cisalfa.” * It was produced by adding 
5 per cent casein and titanium dioxide, as a dulling agent, to the alkaline 
solution of cellulose xanthate immediately prior to spinning, in order 
to lessen the contact period of the alkali. The resultant fiber was given 
a curliness and appeared to be quite wool-like. It could be incorporated 
into woolen fabrics as a cheaper component and could also be used in 
conjunction with regular viscose, to serve as an animal-fiber component. 
Several types were available in different staple lengths and deniers to 
blend with various grades of wool or rayon. Such fibers were superior to 

* Manufactured in Italy by Cisa Viscosa. 
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viscose in feel, appearance and insulating qualities, but were of lower 
tensile strength. 

Casein lends itself readily to application during viscose rayon manu¬ 
facture and also forms the basis of a full-fledged casein fiber, lanital, 
which has a place in the economy of certain countries where sheep are 
scarce and milk abundant. Floxan, a pre-war, German, animalized rayon, 
contained up to 30 per cent casein and had strong acid-dyeing properties. 
Keratin, dissolved in sodium sulfide, is a satisfactory source of protein 
for addition to the viscose mass. 13 Fish albumin was studied in Germany 
by the Deutsche Eiweissgesellschaft and found to be more readily soluble 
than casein and more resistant to the action of the strong alkali of the 
viscose spinning mass. Good affinity for wool dyes results from the use 
of 10 to 20 per cent of this albumin. However, low contents of protein 
are found to be more practical, owing to the fact that the swelling of the 
fiber and the consequent decrease in tensile strength is in direct propor¬ 
tion to the protein content. The use of formaldehyde to coagulate the 
protein was found advantageous in controlling this swelling. 14 

Use of Nonprotein Substances, Containing Nitrogen . Stearylamine ace¬ 
tate has already been mentioned, 1 as a means of imparting affinity for 
acid dyes to cotton. Many N-containing bodies such as amines, amides 
and their derivatives, and quaternary ammonium salts have been used to 
render rayon more reactive. Primary, secondary, and tertiary amines of 
high molecular weight, and heterocyclic bases, e.g., pyridine, have been 
investigated; 15 also fatty derivatives of isatinic anhydride. 

A recent method covers the use of tertiary hydroxyamines (e.g., tri¬ 
ethanolamine) and ammonium chloride, in the presence of formaldehyde, 
on extruded and coagulated viscose filaments, 16 followed by curing at 
300°F to transform the cellulose to: 

Cell.—' 0CH 2 0—(C2H4)N(C2H 4 0)2—HC1 

This approach is more in line with the reaction already indicated under 
the quaternary ammonium water-repellent finishing process for cotton. 
It creates a direct bond to cellulose and modifies the dyeing properties 
of the viscose, but it does not in any other manner impart wool-like 
qualities to the fiber. 

Polyamines, obtained by reacting halogenated alkylamines with fatty 
amines, i.e., diethylchloroethylamine with stearylamine: 

(C 2 H 5 )2N—CH 2 -GH 2 —Cl + HaN—C 18 H S 7 

can be added to the spinning solution. 17 Reaction products of chlorinated 
paraffine and polyethylene polyamines have been considered. Urea is 
used rather often in fixing acid dyes to cellulosic fibers, particularly in 
printing processes, and it can also be used in viscose-stage rayon. 
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Cationic products based on quaternary ammonium salts are used as 
dye-fixing agents for acid- and direct dyes on cotton—also as auxiliary 
chemicals to increase the affinity of wool and fur because of the reverse 
charge attraction conferred by the cationics. Rayon fibers are negatively 
charged and the addition of a quaternary ammonium salt imparts a 
positive charge which attracts the negative acid-dyeing group: 

Dye So 3 ” Na + 

Viscose can be treated with the reaction product of trimethylamino- 
chloroacetic acid on stearylamine or with materials obtained by the action 
of betaine chlorohydrate on methylstearylamine. The resultant cellulose, 
however, is valued more for its hydrophobic characteristics and subse¬ 
quent greater shrinkage stability than for its acid-dyeing qualities. 
Quaternary ammonium compounds can be used to treat rayon fibers, 
after coagulation, to confer reversed charge dye attraction. Materials 
derived by reacting benzidine dichloracetamide with long-chain aliphatic 
amines to give complex quaternary ammonium derivatives have been 
suggested 18 for this purpose. Another quaternary type derived by action 
of the chlorohydrin of a polyglycerin on octadecyldimethyl aniline has 
been used to treat rayon prior to dyeing with metachrome dyes. 

Ethylenimine (and its derivatives) have been studied considerably by 
the I. G. Farbenindustrie A.-G. and, regardless of its difficulty in han¬ 
dling, appears to be destined to open new fields of investigation because 
of its high degree of reactivity towards —H compounds and its property 
of polymerizing on fibers. Added directly to xanthate cellulose, it forms 
complex nitrogen and sulfur derivatives of cellulose or mercaptothioazo- 
lidin ethers. Ethylenimine reacts in the gaseous state during the extrusion 
of the viscose filaments, prior to coagulation, giving surface effects. 
Ethylene ureas which still possess the imine ring and its accompanying 
reactivity can be formed by reacting ethylenimine with isocyanates. These 
products can be used with hydroxylic compounds, such as cellulose, to 
give: 



The ethylene ureas, however, are particularly valuable for rendering cellu¬ 
lose hydrophobic or even completely water-repellent by the use of octadecy- 
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lene urea.* Treatment of viscose- or acetate-rayon filaments with reaction 
products of aliphatic, cycloaliphatic and arylaliphatic isocyanates with 
ethylenimine gives acid-dyeing affinity. 10 A compound of this nature, 
diethylene urea 1,6-hexamethylenediamine, has been applied to cupram- 
monium regenerated rayon, dried, and cured, to control the swelling of 
the fiber and impart a hydrophobizing effect with consequent shrinkage 
control. 20 

Synthetic resins can also be applied to the rayon spinning solutions to 
change the chemical characteristics of the fiber. The resin can be added 
in soluble form, polymerized, or it can be formed in situ by addition 
of the reactive components. The use of resins always requires a curing 
stage at high temperatures (300°F), in like manner to that necessary on 
fabrics. This is a rather complicated procedure, however, for the filament 
stage. “Rayolanda” WS, recently produced on a commercial scale by 
Courtaulds, is a fully animalized viscose fiber obtained by addition of 
synthetic resins derived from cyanamide. 

Many uses of resins are made possible during printing of fabrics. 
Besides the resins used as binders for pigments, it is often convenient 
to add the resin precondensates to the printing pastes containing acid 
dyestuffs and insolubilize by utilizing the heat of the drying and aging 
processes. Many urea derivatives, thiourea, dicyandiamide, biuret, guan- 
ylurea and guanidine in conjunction with formaldehyde have been sug¬ 
gested 21 for animalizing. Resin reactions carried out with different 
catalysts, acid or alkaline (tartaric acid or triethanolamine), impart 
affinity either for basic or acid dyestuffs. Good affinity for basic dyes has 
been obtained by using methylolurea, formaldehyde, and guanidine. 

A new process to impart animalization consists in treating rayon with 
a solution of cyanamide, hydroxyaldehyde or an aliphatic hydroxyketone 
at a pH of 8. 22 Polymerization products derived from reaction of amines 
with acylated halogen derivatives of polyvinyl acetate can be used. 22 

Animalization Methods Employing Mixtures of Proteins and Other 
N-Bearing Compounds . Albuminoids can be used in conjunction with 
resins and many of the other N-bearing products mentioned, to give 
simultaneous acid-dycing properties and greater tensile strength, thus 
controlling the tendency of the protcinized cellulose to swell excessively. 
The use of aerating compounds gives rayons of a tubular cross section 
with a multitude of entrapped air spaces which lighten the fiber and also 
serve to render it more highly animalized because of greater heat-retention 
qualities. Sulfur-containing compounds such as polysulfides can be used 
in place of those containing nitrogen. 

Ethylenimine can be used with casein to treat the coagulated rayon, 
then subsequent treatment with a solution of phenylisocyanate in cyclo- 

* Pcrsistol VS of I. G. Farbenindustrie A.-G. 
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hexanol. Instead of using the cyclohexanol-surface method, the three 
reaction products have also been added directly to the viscose mass to 
produce the German “Vistralan.” This fiber was one of the first successful 
types and had a soft wool-like feel and appearance, but lacked tensile 
strength. Changes have been made to this modified rayon by adding an 
aminp condensate * of a methylated trichloroparaffin with polyethylene- 
mine. 

French Patent 646,529 refers to a treatment for viscose fabrics which 
imparts afiinity for acid dyes together with anti-crease effect, by impreg¬ 
nating with a mixture of formaldehyde and isocyclic sulfonic acid (e.g., 
o-aminophenol sulfonic or naphthenic acids). Condensation products of 
cyanamide-formaldehyde impart to cellulose (and also to animal fibers) 
increased affinity for dyestuffs together with improved washfastness of 
direct colors. 

The field of dye-fixing is being actively investigated and it is already 
possible to make some inexpensive direct dyes perform the function of 
more complicated aftertreated (copper, formaldehyde or diazo) colors 
by using dye-fixing agents based on resin reactions. At the present time, 
the entire gamut of dyestuffs of any fastness requirement can be readily 
made available; nevertheless, dye-fixing appears to have a promising 
future. 

Synthetic Fibers Other Than Celiulosic 

The entire program of animalization and chemical modification of 
cellulose may be undermined considerably by the efforts being made to 
develop new fibers to supplement the present celiulosic synthetic rayons, 
cotton, and even wool. 

Nylon, a linear polyamide prepared by polymerization of the poly¬ 
methylene amide of adipic acid, has a structure closely resembling pro¬ 
tein. This fiber is produced by extrusion in the molten state and is thus 
a true plastic. The resultant textile fiber is lustrous, strong and highly 
elastic, moth and mildewproof. In many respects it is superior, for some 
uses, to any natural or synthetic fiber. Nylon can be dyed with acid, 
metallized chrome, mordant, direct, acetate, and Vat dyes, and it absorbs 
them in like manner to wool and silk. At first appearance, it would 
seem that the studies of cellulose animalization should be discontinued 
and that nylon fills the requirements. A second glance, however, showing 
the dependence of nylon on phenol as a starting material, indicates the 
fallacy of such a conclusion. 

Vinyon, a copolymer of vinylchloride and vinylacetate, is a new plastic 
fiber spun like acetate rayon, which has the unique properties of being 

* Solidogen BSE of General Dyestuff Corporation, New York. 
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water-repellent and flameproof and, therefore, is ideal for certain uses. 
It is, however, difficult to dye, and at present it is being confined to 
special uses (industrial filters). Saran, Orion and Terylene are too new 
to show sufficient indication of potential uses. 


Animal Fibers 

Silk is a natural protein providing fibers of distinctive feel, luster and 
draping qualities. Considering its additional features of excellent wearing 
and heat-insulating properties, it is in many respects an almost perfect 
fiber. However, it is so high in cost that it suffers in economic comparison 
with those synthetic fibers closely resembling it in appearance. Nylon, 
in fact, has actually proven itself superior in practically all major fields. 
Silk is steadily losing its position today, even as a luxury item. 

Wool, although third in the trio of fibers—cotton, rayon and wool— 
maintains a very important position and remains undisputed for warm 
clothing in the more temperate zones of the world. It is being continually 
subjected to competition in many fields of clothing, particularly for dress 
wear and summer suitings and in the latter is losing ground to the resin- 
treated spun-rayon and spun-acetate fabrics. The wool fiber is extremely 
complex structurally and possesses most of the necessary requisites for 
the production of satisfactory fabrics. However, wool as a protein, and, 
therefore, unrelated to any of the cellulosics, could not, until very re¬ 
cently, take appropriate advantage of the new developments in rayon 
and plastics technology. 

The wool fiber, according to Speakman and Astbury, consists of long 
peptide chains bridged by cystine and salt linkages. It possesses ampho¬ 
teric properties (isoelectric point —4.5) allowing it to function both as an 
alkali or as an acid and is, therefore, extremely reactive chemically. 
It dyes with basic, acid, chrome, direct, vat, and solubilized-vat leuco- 
ester dyestuffs, thus permitting great flexibility of choice to dyers and 
colorists in both shade and fastness properties. It possesses the property 
of felting which gives great ease of manipulation during the finishing 
of its fabrics. Finishing methods based on this characteristic have been 
the keynote of wool-fabric processing for centuries. 

The necessity of chemical and physical modification of wool, other 
than dyeing, has not been considered until recent years. The felting 
character of wool, allowing it to mat and give compact fabric structure 
at the same time, causes objectionable shrinkage during mild washing 
of the garments. Another serious defect of the wool fiber, the destruction 
by moths, causes considerable economic damage annually. Unfortunately, 
the wool merchants' attitude, “the moth is our best customer," continues 
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to prevail and places the entire wool industry at a disadvantage in com¬ 
parison to the low-cost spun-synthetic fibers and to nylon. 

Permanent finishing of wool for men’s wear has not created a serious 
problem because the garments are usually cleaned with solvents and, 
therefore, no shrinkage difficulties arise. This problem is extremely evi¬ 
dent, however, in articles such as socks, underwear, sweaters, etc., which 
are washed frequently and rendered unwearable. This waste places an 
additional burden on the economy of wool fabrics. Methods now exist, 
to control both the ravages of moths and the shrinkage of woolen fabrics. 
Their adoption by the wool industry will assist in helping it to maintain 
its most suitable markets and will also create the necessary impetus to 
further technical investigation in applying available basic research to 
wool. 

Mothproofing. Control of the damage made by moths need not be left 
to the discretion of the housewife, imposing an uneconomical drudgery, 
but can be easily accomplished by the manufacturer by one of the follow¬ 
ing methods: 

(1) Use of moth repellents based on fluorides or silicofiuorides that 
render the wool completely resistant to moths. These salts are of low 
cost, water-soluble and easy to apply. They are fast to dry cleaning, but 
not to water or mild washing. 

(2) Use of quaternary ammonium and phosphonium complexes. These 
are water-soluble, colorless, and possess affinity for the wool fiber. The) 
impart good fastness to dry cleaning and to water, but are not fast to 
washing. One type, 24 3,4-dichlorobenzyl triphenyl phosphonium chloride, 
can be applied in the presence of nonionic detergents to give simultan¬ 
eous mothproofing and cleansing. 

(3) Durable mothproofing treatment can easily be obtained by the 
use of colorless acid dyestuffs which possess excellent affinity for wool in 
a boiling acid bath over a regular one-hour dyeing cycle. One type, 25 
pentachlor dihydroxy triphenyl methane sulfonate, can be applied dur¬ 
ing the original dyeing of the fiber in any form or machine, but it is not 
as cheap or simple to use as the first two methods. 

A fiber-modification approach to the moth problem has been under¬ 
taken by Harris, 26 based on a series of researches which demonstrated 
that the chemical structure of the wool fiber could be altered in such 
a way as to affect its chemical, biological, and mechanical properties 
profoundly. A review of this research indicates that the outstanding 
property of wool is its elastic recovery based on the fact that wool, like 
rubber, is composed of long, flexible molecular chains that tend to 
remain in folded configurations until subjected to stretch, but readily 
return to the original positions once the strain is removed. This unusual 
property of wool is the result of the presence of covalent disulfide link- 
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ages between the main chains which strengthen the fiber, mainly in the 
wet state. These cross links are easily destroyed and account for the 
sensitivity of wool to alkalis, oxidizing and reducing agents as well as its 
edibility by moths. Logically, it would appear that substitution of these 
cross links with more stable ones would enhance the stability of wool 
and eliminate its undesirable qualities: 

By reduction of the disulfide linkages with thioglycollic acid, followed 
by rebuilding with trimethylene bromide, Harris obtained some of the 
desired results: 

tV—S—S—W + 2HSCH 2 COOH- >2WSH + (SCH 2 COOH) 2 

2WSH + Br(GH 2 )aBr-> 1V-~S —(CH 2 )*—S —W + 2HBr 

Use of cheaper materials, such as sodium hydrosulfite in conjunction with 
sodium sulfoxalate, NaHS0. 2 *CH 2 0, to give W —S—CH 2 —S— W, pro¬ 
vides a similar linkage and points to the way of future research. 

Other lines of chemical modifications of wool which change the entire 
physical characteristics as well, are those based on dissolving proteins 
similar to wool, i.e., feathers, and spinning them according to the prin¬ 
ciples of synthetic fiber extrusion. Dyeing affinity of wool towards acid 
dyestuffs can be changed by treatment with chlorine, which imparts 
greater affinity for acid dyestuffs. Chlorinated and unchlorinated wool 
dyed together give two-tone effects. Wool may be made partially resistant 
when treated with tannin to reduce the affinity for acid dyestuffs. 
Sulfuretted phenols are used in union dyeing of cellulosic fibers and 
wool with direct colors to keep the dye from staining the wool. This 
appears to be based on the fact that sulfuretted phenols block the amino 
dye-attracting groups of the fiber. 

Wool can be dyed cold in the presence of a large amount of acetic 
acid. This method of dyeing could have greater application if the wool 
industry made more use of continuous-dyeing machinery, as is common 
in the processing of cotton and rayon. Present methods of wool dyeing 
require long time factors and it is felt that a study of the potentials 
would greatly curtail time employed in dyeing. 

Quaternary ammonium compounds on the order of octadecyl pyrid- 
inium bromide have been used to impart greater affinity to wool for acid 
dyestuffs, but oftentimes such a method leads to difficulties because of 
the possibility of precipitation of dye specks as a result of the reaction 
between the two components, an anionic dye and a cationic treating 
agent. 

Shrinkage Control of Wool Fibers. Shrinkage control has been prac¬ 
ticed for many years by the use of chlorine. New chlorine-containing 
chemicals based on sulfuryl chloride, chloro sulfonic acid, and bromi- 
nated products have recently been proposed. All these methods, except 
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those employing hypochlorite, are of minor importance. Those utilizing 
hypochlorite have received added attention since World War II, but they 
are difficult to control. Chlorine reduces the shrinkage of wool by par¬ 
tially dissolving the fiber surface and by equalizing the coefficients of 
friction. The danger of attacking the fiber severely calls for rigid con¬ 
ditions of reaction. These difficulties led to the use of synthetic resins. 

Resinification of the Wool Fiber . Speakman 27 suggested the reduction 
of felting power of wool by changing its elastic properties. Resins such 
as urea-formaldehyde and also the thermoplastic types, acrylates, vinyls, 
and styrenes were found inadequate until it was shown 28 that alkylated 
methylol melamine resins can be successfully applied to give good control 
without affecting the hand of the wool. Melamine resins are obtained 
from cyanamide by polymerization to form first dicyandiamide and then 
melamine (triamino triazine). Melamine reacts with formaldehyde and 
then by methylation of the product the alkylated monomer is formed. 
The latter is completely water-soluble and applicable to wool in the 
presence of a catalyst. When dried and cured, the resulting water- 
insoluble resin polymer is deposited inside and outside the wool fiber 
to give dimensional stability and thus control of shrinkage in fabrics 
so processed. This method is now in successful operation on a large scale. 


Conclusion 

An attempt has been made to telescope the trends of research and the 
recently awakened interest in the textile industry. The entire develop¬ 
ment of improved textiles is of such a fundamental nature and it over¬ 
laps so many other industries that it was felt advisable by the author to 
survey and coordinate the various technical ideas involved in the recent 
advancements of fiber modification. It is sincerely hoped that this paper 
may be of interest mainly in this connection. 
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WOOD-AN EXAMPLE OF A 
COLLOID SYSTEM 


Harold Tarkow and Alfred J. Stamm 

Forest Products Lab., Madison, Wise., Forest Service, 
U. S. Dept, of Agriculture 


Wood can be studied from the point of view of the functions of the 
various components in the living tree or from the point of view of the 
manner in which these components influence the properties of the com¬ 
mercially used material. This review adopts the latter approach. 


Description 

Wood is a heterogeneous substance in both the chemical and physical 
sense. What may appear to the unaided eye to be a chemically-uniform 
material is on a microscopic or submicroscopic scale a mixture or loose 
chemical combination of cellulose, pentosans, polyuronides, pectins, 
hexosans, lignin, tannins, gums, starch, and ash-yielding inorganic ma¬ 
terial. Physically, heterogeneity is present at all levels of observation from 
that of the naked eye down to that of the x-ray beam. Variations in the 
amounts of these different components and in the complexity of the 
cellular system account for the recognition of more than 20,000 woody 
species in the world. 

The common species from which the woods of commerce are derived, 
are divided into two classes, based on their manner of producing seeds. 
These are the gymnosperms and angiosperms, that is, the softwoods and 
hardwoods of common usage. Paradoxically, however, the distinguishing 
features of the woods from these two classes is not their strength; rather, 
it is primarily their structure and secondarily their chemical composition. 

Softwoods are characterized by possessing a relatively simple micro¬ 
scopic cell structure. The most prominent cell type is the tracheid—a 
radially-arranged, vertically-directed (i.e., in the tree direction), com¬ 
pletely enclosed cell ranging in length from 2 to 7 millimeters and in 
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diameter from 20 to 60 microns. These cells are separated from and 
bonded to one another by the material of the middle lamella—a resinous 
substance believed to be composed essentially of lignin. 81 The total 
volume of the tracheids constitutes more than 90 per cent of the volume 
of softwoods. 21 The remaining volume is composed, essentially, of thin- 
walled, short, radially-directed cells, collectively making up the medul¬ 
lary or wood rays, together with still smaller volumes of vertical and 
horizontal resin ducts. 

In sharp contrast, hardwoods have a much more complex capillary 
structure. They have many more specialized cell types. Some hardwoods, 
in fact, possess as many as six different types of cells. The most promi¬ 
nent of these from the point of view of visibility are the vessels or pores, 
which are radially arranged and vertically directed in the wood. They 
range in diameter from 25 to 500 microns and constitute between 15 and 
30 per cent of the volume of hardwoods. 21 Unlike tracheids, they do not 
seem to be completely enclosed, but appear to be tubes of indefinite 
length. In some species (red oak), the tubes are clear. One can readily 
blow air through a stick of red oak several feet long. In others (white 
oak), the tubes are clogged with resinous material, called tyloses, which 
make the wood less pervious. Also vertically-directed, but completely en¬ 
closed, are the wood fibers, ranging in length from less than a millimeter 
to about 2 millimeters, and in diameter from several microns to about 
20 microns. They constitute 25 to 75 per cent of the volume of hard¬ 
woods. 21 Hardwoods, too, have a system of medullary rays. These, to¬ 
gether with other less prominent cell types, make up the remainder of 
the capillary structure of hardwoods. 

During growth of the tree, the thickening of cell walls gives weight and 
strength to the wood. The extent of thickening increases with the lateness 
of the growing season. It is thinnest in those cells formed in the spring 
and thickest in those formed in the summer towards the end of the grow¬ 
ing season. With the resumption of growth in the spring, the accom¬ 
panying formation of thin-walled cells, adjacent to and concentric with 
the thick-walled cells of the previous summer's growth, delineates the 
annual ring.* In general, the strength properties of wood increase 
as the proportion of thick-walled cells increases, that is, as the density of 
the wood increases. 

The cell walls contain numerous circular areas of a radius of 20 to 50 
microns, where thickening has not. occurred. The only barrier between 
adjacent cells in these areas is the middle lamella. These areas are known 
as pits. The membranous middle lamellae, called pit membranes, are 

♦The thickness of annual rings records annual growing conditions. From the rings of 
living California Sequoias Prof. A. E. Douglass charted weather conditions as far back 
as 3,000 years. See paper by C. A. Reeds in Vol. V of this series.— Ed. 
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permeable to water vapor. 45 Furthermore, owing to the presence of punc¬ 
tures, cracks, and other permanent openings 58 whose radii are of the 
order of 30 microns, 38 they are often permeable to liquids, except when 
clogged by resinous materials. These pits are especially numerous in soft¬ 
woods and, unless clogged, offer means for the transfer of liquids from 
cell to cell. 

The cell walls are thickened by the deposition of material on the 
original, extensible primary wall. The deposition is not a random one, 



Figure 1. Softwood fiber showing intact wrapping and limited swelling 
in that zone and the high degree of swelling or ballooning where the 
wrapping is removed. 


but occurs in concentric laminae. Each lamina contains cellulose mole¬ 
cules that, in certain areas, are oriented parallel to each other to form 
what Nageli called micelles and what Meyer 20 more correctly called 
fringed micelles or crystallites. These areas of regular orientation are 
responsible for the x-ray diffraction pattern of wood. 4 The cellulose 
chains outside these organized areas, together with the other carbo¬ 
hydrate constituents and lignin, constitute the amorphous regions of 
wood. These regions are relatively more accessible to chemicals than are 
the regions of the oriented cellulose chains. Recent studies on the sac¬ 
charification of wood 35 show that the carbohydrates here undergo hy¬ 
drolysis at a much faster rate than do the cellulose molecules in the 
organized regions. The more rapid rate of hydrolysis of the carbohydrates 
in the amorphous regions may be due in part, however, to the inherently 
greater hydrolysis rate of 1, 4 xylo pyranosidic linkages than that of the 
gluco pyranosidic bonds 30 that are present in the organized areas. The 
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amorphous regions acetylate with much greater ease than do the crystal¬ 
lite regions, 60 and they are largely responsible for the hygroscopicity of 
wood and very likely play an important role in contributing to wood’s 
toughness, flexibility, and steam bendability. The fringed micelles are 
in turn oriented. The direction of this orientation varies in the different 
laminae of the cell wall. Bailey and Kerr 23 have studied the micellar 
orientation in wood by optical means. They report the existence of at 
least three concentric zones in the cell-wall thickening: a thin zone (one 
micron), just inside the primary wall, in which the micelles are oriented 



Figure 2. Spiral windings in leaves 
of Ner/ne fothergillii 


approximately at right angles or at some large angle to the long cell axis 
(grain direction); a relatively thick, but variable, central zone, in which the 
orientation is parallel or at some small angle to the cell axis; and, finally, 
a thin layer similar to the first one, which is adjacent to the cell cavity 
or lumen. Swelling studies of wood fibers by Ritter 38 have vividly shown 
the presence of the first and central zones. Thus, in Figure 1, there is 
shown the behavior of an isolated wood fiber in 60 per cent sulfuric acid. 
In one area, the first layer either has been dissolved away or rolled back 
so as to permit the thick central zone to swell extensively beyond the 
normal water-swollen dimensions. Figure 2 shows some of the spiral 
windings in the leaves of Nerine fothergillii , 59 It is perhaps an extreme 
example of the orderly manner in which micelles are oriented in plant 
tissues. 
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Lignin and ash-forming inorganic material interpenetrate the cellulose 
throughout the cell wall in a continuous manner. This has been strik¬ 
ingly shown by Ritter, 34 who removed different components from blocks 
of wood and obtained blocks of residual lignin, cellulose, and even ash, 
having the skeleton form of the original blocks. 

The peculiar orientation of the micelles in the cell walls, with the 
predominant orientation (central zone) being approximately parallel to 
the grain direction (i.e., the longitudinal axis), bestows on wood highly 
anisotropic properties. Thus, the strength properties are much greater 
in the grain direction than in the transverse direction. The tensile 
strength may be 40 times greater, the crushing strength 7 times greater, 
and the modulus of elasticity 150 times greater. Swelling in the grain 
direction is relatively insignificant compared to that in the transverse 
direction. Although the coefficient of thermal expansion of wood is so 
small as to be unimportant for ordinary consideration, nevertheless, the 
linear expansion may be 10 times as great in the transverse direction as 
in the grain direction. 62 

In addition to this pronounced longitudinal-transverse anisotropy that 
is associated with the predominant longitudinal orientation of the 
micelles, there is a much smaller tangential-radial anisotropy. Thus, 
strength properties are generally slightly greater when measured radially 
(perpendicular to the grain and to the annual rings) than when measured 
tangentially (perpendicular to the grain and parallel with the annual 
rings). Radial swelling is generally one-half to two-thirds of the tangen¬ 
tial swelling, and the linear coefficient of thermal expansion in the radial 
direction may be 25 per cent less than in the tangential direction. This 
phenomenon of tangential-radial anisotropy has been variously inter¬ 
preted in terms of the influence of the radially-directed medullary rays, 9 
and in terms of the slightly different orientation of the micelles on the 
radial walls than on the tangential walls. 4 - 33 

Hardwoods and softwoods show some differences in their chemical 
composition. Perhaps the most striking difference is in the pentosan 
content. Hardwoods, on an average, contain about 20 per cent of pen¬ 
tosans and softwoods about 10 per cent. The lignin content of hardwoods 
varies between 20 and 25 per cent, and that for softwoods between 25 
and B0 per cent. The constitution of lignin in situ is very uncertain. 
It is generally agreed that some of the side groupings on the lignin resi¬ 
due are different in the two classes of wood. Ethanolysis of softwoods 
yields guaiacyl derivatives, whereas hardwoods yield both guaiacyl and 
syringyl derivatives. 24 The cellulose isolated from softwoods and 
hardwoods have about the same molecular weight. There have been 
numerous measurements of the degree of polymerization of cellulose. 
The generally accepted belief at present is that in the native state it is 
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indefinitely high. Berkley 3 has obtained values as high as 10,500; how¬ 
ever, he shows that even slight handling or weathering may reduce the 
degree of polymerization to the commonly measured values. 


Adsorption Phenomena 

The reaction of water with wood has been extensively studied. The 
interest in this reaction arises from the intimate association of water with 
the wood irl the living tree and from the pronounced dependence of 
many properties of wood on the moisture content. Thus strength, dimen¬ 
sions, density, and electrical conductivity are dependent on the moisture 
content. As it comes from the tree, wood may contain as water, from one- 
third to three times the weight of the oven-dry material. Dry wood is 
very hygroscopic. Its adsorption isotherm, similar to that of water on 
cellulose, 1 is the typical sigmoid-shaped curve—moderate adsorption at 
very low relative humidities, pronounced adsorption at high humidities, 
and relatively less adsorption at intermediate humidities. The first few 
percentages of water are adsorbed with the evolution of much heat which 
corresponds to a large decrease in entropy. The decrease in entropy, here, 
is approximately equal to that for the formation of ice. 48 This suggests 
that the initially adsorbed water is held fixed and oriented in a manner 
similar to the water molecules in ice. Green wood gives the characteristic 
x-ray diffraction pattern of crystalline cellulose; thus adsorption must 
occur only in the amorphous regions. The initially adsorbed water is very 
likely hydrogen-bonded by the hydroxyl groups in these regions. Pauling 29 
has similarly interpreted the initial adsorption of water by proteins. 
His calculations show that adsorption occurs to the extent of one mole¬ 
cule of water per polar side chain capable of forming hydrogen bonds. 
Hermans 20 has suggested the formation of hydrates of cellulose at the 
low humidities. His analysis, based on the formation of hydrates, leads 
to an expression that reduces to the Langmuir adsorption equation. 
Hermans points out the similarity between the adsorption isotherm of 
water on cellulose and that of water on sulfuric add. In the latter case, 
it is generally believed that hydrates do form at low relative humidities. 

There is no generally accepted theory that accounts for the adsorption 
of water by wood or cellulose at relative humidities above 30 per cent. 
Since the differential heat of condensation and the entropy decrease and 
eventually approach those values for the condensation of water vapor, 
it has been suggested that capillary condensation is occurring. 43 

The relationship between the radius of a capillary (r) and the relative 
vapor pressure of water in the capillary (p/p 0 ) is given by the Kelvin 
equation: 
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where o is the surface tension of the adsorbed liquid, M is its molecular 
weight, d 0 is its density, R is the gas constant and T is the absolute 
temperature. None of the microscopic capillaries described in the pre¬ 
vious section is small enough to reduce the relative vapor pressure of 
water below 0.95, so that condensation in them below this relative vapor 
pressure cannot occur. The moisture must be adsorbed in the cell walls. 
In doing so, the moisture creates its own capillary system, which Stamm 43 
calls transient capillaries. That this moisture, adsorbed above 30 per cent 
relative humidity, is not surface-bound water, is suggested by the fact 
that although the first few per cent of adsorbed water has no solvent 
properties, the water adsorbed beyond 30 per cent relative humidity 
seems to have normal solvent properties. 40 This has been refuted by 
Barkas, 5 who claims that as much as 20 per cent of the adsorbed water 
has no solvent properties and that the remainder is water of capillary 
condensation. There is some doubt, however, whether Barkas measured 
equilibrium concentrations. 47 

The question whether the moisture other than the surface-bound 
water is adsorbed through the mechanism of capillary condensation is 
still very much debated. 10 * 25 The accompanying volume change during 
adsorption has been attributed to the wedging apart of the swelling units 
in wood by the capillary-condensed water. Thermodynamically, this is 
unsound. The existence of .tensile forces in water in submicroscopic 
capillaries would tend to shrink rather than swell the flexible cell walls. 
Haines and McIntosh claim to have observed such a shrinkage of carbon 
rods and have interpreted it to mean the presence of air-water interfaces 
in the rods. 18 

The adsorption of water by wood may be caused by the tendency of 
shrinkage stresses to relieve themselves. 14 Wood is formed in the presence 
of liquid water and in its natural state it is stress-free. On exposing green 
wood to some relative humidity below 100 per cent, desorption occurs. 
When the moisture leaves the transient capillaries in the cell walls, air- 
water interfaces are created. The remaining moisture is under a tensile 
stress whose magnitude is some inverse function of the relative humidity. 
This tensile stress tends to draw the walls of the transient capillaries 
together. The resulting strain in the cell walls is an elastic one and has 
associated with it a stress acting in a direction opposite to that of the 
tensile stress in the capillary water. At equilibrium the two stresses are 
equal. On removing another increment of water, by lowering the relative 
humidity, the resulting increase in tensile stress in the capillary water 
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produces an increased elastic strain and stress in the cell walls. A new 
equilibrium is established. Thus, at all moisture contents below satura¬ 
tion, shrinkage stresses exist, and these increase in magnitude as the 
moisture content decreases. On reexposing the wood to a higher relative 
humidity, the principle of Le Chatelier dictates that water be adsorbed, 
for, in so doing, the shrinkage stress is reduced. 

Expressed differently, the shrinkage stress resulting from the elastic 
strain in the cell walls may be considered to be a “solution” pressure 
analogous to the solution pressure of sulfuric acid in water. The pressure 
in the latter is due to the kinetic energy of the acid molecules and de¬ 
creases with increasing moisture content. Likewise, the “solution” pres¬ 
sure in the cell walls is due to the kinetic energy of the swelling units, 
and it, too, decreases with increasing moisture content. In fact, Her¬ 
mans 20 attributes the portion of the isotherm beyond the first inflection 
point to a type of solution of cellulose hydrate in water. His analysis, 
based on the existence of an ideal solution, shows that a pronounced 
increase in adsorption should occur at high relative humidities. His argu¬ 
ment has qualitative validity; quantitatively, however, it is insufficient, 
for ideality of solution certainly does not obtain, any more than it does 
in sulfuric-acid-water solutions. 

Perhaps the most successful of the general adsorption theories, at least 
for rigid, nonswelling capillary systems, is that of Brunauer, Emett, and 
Teller, 10 based on the assumption of multimolecular adsorption. It is an 
extension of the Langmuir theory of surface adsorption with continued 
adsorption on successive but incomplete layers. The theory predicts the 
heat of adsorption accompanying the adsorption of the first layer and 
the specific surface area of the adsorbent. Babbitt 1 has applied the theory 
to the adsorption of water by wood and has calculated from it the net 
heat of adsorption; that is, the heat of adsorption onto the bare surface 
minus the normal heat of condensation. Although he reports excellent 
agreement with the experimentally-determined value, a reconsideration 
of his data has shown the agreement to be very poor. 2 The theory assumes 
the presence of a definite amount of surface area that remains constant 
throughout the entire adsorption. This assumption is not valid for wood, 
for at zero per cent relative humidity, the specific surface area is virtually 
zero. (Actually, it is the surface area of the microscopic capillaries, 
2xl0 8 cm 2 per gram. 50 ) As the moisture content increases, the specific 
surface increases. 46 

Swelling of Wood 

Regardless of the mechanism whereby water is adsorbed by wood, such 
adsorption (or desorption) is accompanied by volume changes. At low 
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relative humidities (less than 30 per cent) the volumetric swelling of 
wood is less than the volume of water adsorbed. It is generally believed 
that the strong surface adsorption occurring at low humidities results 
in the compression of the water. 15 Stamm 44 has calculated the specific 
volume of the initially adsorbed water to be 0.8 cubic centimeter per 
gram. The specific volume increases rapidly towards unity with increas¬ 
ing adsorption. Hermans, 20 on the other hand, does not accept this theory 
because of the very large compressive forces required to decrease the 
specific volume of water. Instead, he assumes that the cell walls contain 
submicroscopic capillaries or voids of relatively small total volume into 
which moisture can enter without contributing to the overall volume. 
Stamm and Hansen, 46 however, have shown that the density of cellulose 
as determined by helium displacement agrees very well with the value 
calculated from Meyer’s and Misches* 27 most recent x-ray diffraction 
data of crystalline cellulose. They question whether submicroscopic voids 
do exist. 

Between 30 and 95 per cent relative humidity, the adsorbed water can 
be considered, as a first approximation, to add its normal volume to that 
of the wood. At the higher humidity, not only do the cell walls continue 
to adsorb water and increase in volume correspondingly, but now the 
permanent capillaries of sufficiently small size (10 mu) adsorb water, 
since they are capable of holding water at reduced relative vapor pres¬ 
sures. At still higher humidities, water continues to condense in the 
tapered ends of the cell cavities and eventually in the main body of the 
cavities. Since the cavities constitute a large fraction of the total volume 
of the wood (wood of density 0.4 gram per cubic centimeter has a frac¬ 
tional void volume of 0.75), it is understandable why large amounts of 
water are adsorbed at these very high humidities for small increments 
in relative humidity. 

Since at relative humidities below 95 per cent, adsorption occurs only 
in the cell walls, extrapolation of the adsorption isotherm to 100 per cent 
humidity gives approximately the moisture content of the cell walls at 
saturation; that is, it gives the moisture content of wood at saturation 
with no contribution from that condensing in the cell cavities. This 
extrapolated moisture content is called the fiber saturation point. Its 
value is approximately constant for all species, namely 26 to 30 per cent, 
although certain woods having high extractives contents (for example, 
redwood) have low fiber saturation points. If these extractives are leached 
out, the wood then acquires the normal fiber saturation point. 48 This 
saturation moisture content is an important constant, for many prop¬ 
erties of wood are dependent on the moisture content up to the fiber 
saturation point. With increasing moisture content up to the fiber satura¬ 
tion point, strength properties decrease and then become constant. The 
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logarithm of the electrical conductance increases linearly with moisture 
content up to the fiber saturation point, above which the rate of increase 
is appreciably smaller. 30 

Barkas has questioned the fundamental significance of the fiber satura¬ 
tion point, 6 since at relative vapor pressures slightly less than unity, 
water condenses in the cell cavities. Furthermore, he reports he has ob¬ 
served shrinkage in wood at moisture contents as high as 100 per cent. 
He also reports that strength continues to decrease at moisture contents 
above the fiber saturation point. The fact that water condenses in the 
coarse capillaries above 95 per cent relative humidity is recognized; for 
that reason the extrapolation is made from below this relative humidity, 
disregarding the experimentally-observed course of the curve at higher 
humidities. The observance of shrinkage at moisture contents as high as 
100 per cent is undoubtedly real. Others have observed this 48 and have 
attributed it to surface shrinkage stresses resulting from the moisture 
content at the surface dropping below the fiber saturation point, although 
the overall moisture content is above the fiber saturation point. There is 
still another experimental complication that may bring about shrinkage 
at moisture contents in excess of 30 per cent. Barkas used cross sections of 
beech, 1 millimeter thick, believing thereby to have cut open each wood 
fiber. The average length of a wood fiber is 1 millimeter; however, there 
is a certain fraction of the total number that is smaller in size. Many of 
these, including the still smaller parenchyma cells, will not have been 
cut open. Water in them will not tend to evaporate until the relative 
humidity falls below that in equilibrium with the water held in the 
fine pit membrane pores with radii ranging from 10 to 40 m fi, which, 
according to the Kelvin equation, occurs only at about 95 per cent 
relative humidity. Between 100 and 95 per cent humidity, however, 
some moisture will have left the cell walls. Thus, at 95 per cent humid¬ 
ity some shrinkage will have occurred, although the overall moisture 
content is appreciably in excess of 30 per cent. The fact that Barkas 
reports decreasing unit strengths at moisture contents above the fiber 
saturation points is due to the peculiar way in which the unit 
strengths are calculated. He contends that when a compressive load 
is applied to a unit area of wood, the load is resisted not by the unit 
area but by the fractional cross-sectional area of the wood-water ag¬ 
gregate in this unit area of wood; hence the strength values he reports 
are higher than the conventional values. From a fundamental point 
of view, this is perfectly reasonable, provided the moisture content is 
less than 30 per cent. At moisture contents in excess of the fiber satura¬ 
tion point, he assumes that the moisture in the partly filled cavities con¬ 
tinues to support part of the load. This is questionable. The swelling 
pressure above the fiber saturation point is virtually zero; at any rate it 
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is less than the applied load and hence cannot contribute to the support 
of the load. Since he assumes that with increasing moisture content 
above the fiber saturation point, the area supporting the load continues 
to increase, obviously the calculated unit load values must decrease. 

The approximate linear relationship between volume of adsorbed 
water and the external swelling suggests that the cell cavities remain 
constant in size during swelling and shrinking. This may be surprising, 
for one would expect the cavities to increase in size when wood swells 
just as a hole cut in a sheet of rubber expands when the sheet is stretched. 
Stamm has shown 41 through permeability studies that the cavities do 
remain approximately constant in size between zero and 95 per cent hu¬ 
midity. Recent microscopic examination at the U.S. Forest Products Lab¬ 
oratory has confirmed this for the relative humidity range of 20 to 90 per 
cent. Assuming the cavities do remain constant in size and that shrinkage 
is due only to the removal of water from the cell walls, it can be shown 
that the volumetric shrinkage from the green to the oven-dry condition 
is given by: 

£ - FD 

for thin stress-free cross sections, where S is the volumetric shrinkage, F 
is the fiber saturation point expressed as volume of water per gram of 
wood, and D is the oven-dry-weight-green-volume density. The observed 
linearity of the shrinkage-density plot 42 is added evidence of the con¬ 
stancy of the cell cavities during swelling and shrinking. 

The reason for this constancy in dimensions of the cell cavities during 
swelling is believed to be due to the nature of the inner layer adjacent 
to the lumen wall, which, owing to the orientation of its crystallites and 
owing to the incrustation of dead protoplasm on the surface, is able to 
withstand shrinkage stresses tending to distort the cell cavity. That the 
inner wall has a great resistance to internal buckling, is shown by the 
fact that although dilute aqueous sodium hydroxide swells wood beyond 
the water-swollen dimensions, the alkali concentration must exceed 
6 per cent before internal buckling occurs. 

Barkas 7 believes that the shrinkage that occurs between saturation 
and 85 per cent relative humidity is not caused directly by the removal 
of an equivalent volume of water from the cell walls but to the increased 
swelling pressure that he assumes can be calculated with the Katz swell¬ 
ing equation. The imposition of the swelling pressure, acting hydro¬ 
statically, produces a strain—the observed shrinkage. In fact, he contends 
that the ratio of the stress (swelling pressure) to the strain (volumetric 
shrinkage), which he calls the shrinkage modulus, is the same as the 
mechanical modulus of compression when wood is subjected hydro¬ 
statically to an external load. Shrinkage strain, however, is caused by a 
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contraction of the cell walls, with the cell cavities remaining constant 
in size and shape; whereas compression strain is due in part, at least, to 
bending, plastic strain, and partial collapse of the cell cavities. This is 
especially true at high moisture contents where the rigidity of the cell 
walls is low. Some contraction of the cell walls may occur. Barkas has 
shown 8 that the application of a compressive load on a small specimen 
of wood in equilibrium with 90 per cent relative humidity results in a 
slight reduction in equilibrium moisture content. 

Dimension-Stabilization of Wood 

The variation in moisture content with relative humidity is undoubt¬ 
edly the outstanding defect of wood. Subsequent swelling and shrinking 
is very disturbing where close tolerances are necessary. Nonuniform mois¬ 
ture adsorption leads to warping and cupping. Rapid changes in hu¬ 
midity, such as occur when rainstorms are followed by bright dry weather, 
cause surface swelling and shrinking with subsequent checking and grain 
raising. Paint films may flake off, especially over the dense summerwood 
in which the volume changes are especially pronounced. 

To moderate some of these effects, advantage may be taken of the 
smaller swelling of low-density woods; however, there is then a corre¬ 
sponding sacrifice in strength. Advantage may also be taken of the smaller 
radial swelling than tangential swelling. Wood for flooring, for example, 
is often quarter-sawn; that is, cut so that the width direction is parallel 
with the medullary rays. Swelling in this direction is less than would be 
the case if the wood were flat-sawn; that is, cut so that the width direction 
is perpendicular to the medullary rays. Paints, varnishes, and waxes have 
been used to reduce the effects of moisture. These are only partially 
successful. The presence of such films on wood does not alter the equi¬ 
librium swelling of wood. They simply reduce the rate of attainment 
of equilibrium. 

The volume changes that occur in paper and cotton fabrics are more 
complex than those occurring in wood. On immersing paper or fabric 
in water, in addition to the swelling due to the entrance of moisture 
into the cell walls (which swelling may largely occur internally into the 
interfiber spaces with little contribution to the external volume), there is 
a further contribution to the external volume change owing to the partial 
dispersion of the fibers. With fabrics having a spun and woven construc¬ 
tion, such pronounced interfiber dispersion may be reflected in an overall 
shrinkage of the fabric. This tendency to partial dispersion can be re¬ 
duced by treating these materials with small quantities of resins (2 to 
5 per cent). The reduction in interfiber dispersion can be looked upon 
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as being caused by the creation of a synthetic middle lamella between 
the fibers. 

The dispersion of the fibers in wood, on the other hand, is impossible, 
owing to the bond (middle lamella) between the fibers. Small amounts 
of resin are without effect on the dimensional stability of wood. 

The cell walls on swelling can accommodate a certain volume of 
foreign substance, or bulking agent. Under ordinary conditions, the 
maximum volume that can be accommodated is constant (about 30 cc 
per 100 grams of wood). In other words, wood can be considered to be a 
limited-swelling gel. 56 Since this volume is fixed, the amount of water 
that can be adsorbed by the bulked-out cell walls is less by an amount 
equal to the volume of bulking agent. The greater this volume, the smaller 
the volume of water that can be adsorbed. The substance deposited in 
the cell walls merely acts as an inert agent replacing an equal volume 
of normally adsorbable water. On treating wood w r ith materials that can 
enter the cell walls, it is generally found that only a portion enters the 
walls. The amount entering is measured simply by the increase in oven- 
dry dimensions. The greater this increase, the greater is the volume of 
material in the cell walls and the smaller is the volume of water that 
can be adsorbed. With increasing molecular size, the amount entering 
the cell walls decreases. For this reason, waxes are without effect on the 
equilibrium moisture content. Specific interaction of the bulking agent 
with the wood is not necessary. Because of this, it is possible to calculate 
the effectiveness of a given treatment if the volume of material in the 
cell walls is known. 56 Acetyl groups in the cell walls (introduced by 
acetylation) are very effective in reducing the swelling and shrinking 
tendency of wood and seem to behave simply as inert bulking agents. 55 
That is to say, the reduced swelling and hygroscopicity of acetylated 
wood is not directly caused by the replacement of hydroxyl groups; 
rather it is due to the physical bulking action of the acetyl groups. Thus 
equal volumes of acetyl and butyryl groups, when introduced into the 
same weight of wood, are equally effective in reducing the hygroscopicity 
and swelling, even though fewer hydroxyl groups are replaced in the 
butyrylated wood because of the larger molecular weight of the butyryl 
group. 

Wood impregnated with certain phenolic resins to the extent of 25 to 
30 per cent has very good dimensional stability. 5 * The mechanism for 
this improved dimensional stability has been interpreted in terms of the 
above-described bulking action. 66 Barkas 8 claims it is caused by the 
imposition, by reaction, of a compressive load by the resin on the wood. 
The treated wood, known as impreg, has limited use, however, because 
of its reduced toughness. Resin-treated, compressed wood, known as 
compregf 2 is commercially available. Its dimensional stability, high 
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strength, pleasing appearance, and ease of fabrication lend themselves 
highly for such specialty uses as dies, jigs, molds, gears, picker sticks of 
looms, and knife handles. 

Certain treatments of wood reduce the total volume of foreign sub¬ 
stance that can be accommodated in the cell walls; that is the total 
swelling due to the treating agent and subsequent adsorption of water is 
less than 30 cubic centimeters per 100 grams of wood. 57 Thus treatment 
of wood with acidified formaldehyde vapor reduces the subsequent swell¬ 
ing in water not by a bulking action of the formaldehyde, but rather by 
a cross linking or tying together of the swelling units in wood by meth¬ 
ylene linkages. Severe embrittlement by the acid, however, places distinct 
limitations on the use of the material. That cross links between swelling- 
units are present in formaldehyde-stabilized wood is shown by the fact 
that when such wood is immersed in concentrated-acid solution, the 
wood slowly swells and eventually attains the water-swollen dimensions 
of the untreated wood. Apparently, the aqueous acid hydrolyzes the 
acid-sensitive methylene linkages (cross links), and the structural units 
are no longer restrained from swelling. Fabrics have been stabilized with 
acidified aqueous formaldehyde. The stabilization here, however, is not 
caused by a reduction in the true hygroscopicity or in the amount of 
moisture adsorbed by the cell walls; rather, it is due to a reduction in 
the extent of interfiber dispersion. Thus, on treating cotton fabric with 
acidified formalin at 65°C, although the subsequent amount of water 
that can be imbibed may be reduced by 70 per cent, the true hygro¬ 
scopicity is reduced by only 10 per cent. 28 Relatively dry formaldehyde 
vapor (acidified) must be used in order to reduce the true hygroscopicity. 

Air-dry wood can be compressed to a density of about 1.30 grams per 
cubic centimeter. Pressures of the order of 2000 to 3000 pounds per 
square inch are necessary to accomplish this. The resulting material has 
relatively little void space. It has elastic strains in it, as shown by the 
fact that the wood slowly springs back to its uncompressed dimension. 
This recovery is hastened if the wood is moistened. Such compressed 
wood, then, has extremely poor dimensional stability, for the volume 
change on moistening is due not only to the adsorption of water but also 
to the springback. In fact, the contribution to the volume change by the 
latter may be twice the contribution owing to mere adsorption. If wood 
is compressed at a moisture content of about 9 per cent and at a tem¬ 
perature of about 160°C, the same densification can be obtained at a 
lower pressure, i.e., at 1500 to 2000 pounds per square inch. 54 Further¬ 
more, under these conditions the compression is plastic rather than 
elastic. The compressed wood shows no tendency to recover its original 
dimensions even after moistening. The only volume change is that owing 
to the adsorption of water. This, however, occurs extremely slowly, since 
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compression has destroyed the coarse capillary passages through which 
most of the moisture diffusion normally occurs. This compressed wood, 
known as staypak, has an apparently good dimensional stability, and 
owing to the densification, has good mechanical properties. 


Movement of Material Through Wood 

Consideration has been given so far only to the equilibrium conditions 
in the wood-water system. The dynamics of the system and, in general, 
the movement of different materials into, through, and out of wood are 
of equal importance. The flow of materials in wood is involved in many 
industrial processes: 

(1) Seasoning of Wood. A freshly cut log of 16 feet long by n/ 2 feet 
in diameter may have a liquid content in excess of 100 gallons. Before 
the wood can be used for general structural purposes, the moisture con¬ 
tent must be reduced below the fiber saturation point and preferably 
to the average value it would come to under the conditions of its use. 
The reduction in moisture content is accomplished by air-seasoning or 
more rapidly by kiln-drying. 

(2) Treatment with Preservatives. Wood that is used for outdoor pur¬ 
poses may frequently acquire a moisture content in excess of 20 per cent. 
Under these conditions, the wood is extremely susceptible to attack by 
fungi and molds or, when used under water, by marine organisms. Such 
attack may be reduced and the life of the wood prolonged by treating 
with certain chemicals. This treatment may consist of soaking or of high- 
pressure permeation so as to introduce toxic salts, such as zinc chloride, 
copper sulfate, mercuric chloride, and arsenicals or organic materials, 
such as pentachlorophenol or coal-tar creosote. In 1946, more than 300- 
million cubic feet of lumber, consisting mainly of railroad ties, farm 
fence posts, and telephone poles, were treated. 

(3) Treatment ivith Fire Retardants. Certain salts, such as soluble 
borates and phosphates, impart fire resistance to wood. These salts are 
introduced by soaking or high-pressure permeation. In 1946, slightly 
less than 400,000 cubic feet of lumber were treated in this manner. In 
1943, during the wartime peak of construction of airplane hangars, more 
than 5-million cubic feet were treated. 

(4) Pulping of Wood. Wood is pulped to obtain the cellulose by per¬ 
meating chips with certain liquors that dissolve out the lignin. The 
solubilized lignin then diffuses out of the chips. 

(5) Dimension-Stabilizing Treatments. The stabilizing of wood con¬ 
sists in introducing certain chemicals into the cell walls. This is accom¬ 
plished by soaking, high-pressure permeation, or exposing the wood to 
vapors. 
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In these different treating processes, three types of flow are recognized: 
capillarity, pressure permeability, and diffusion. 

Capillary flow or capillarity occurs in response to the reduction in 
relative vapor pressure of the liquid in the capillary. The extent of pene¬ 
tration depends on the degree of wetting of the capillary wall, the 
diameter of the capillary, and the surface tension of the liquid. The 
degree of wetting is measured by the angle of contact between liquid 
and solid. As this angle decreases from 180 to 0 degrees, the wettability 
increases. Although the angle of wetting of water on highly purified 
cellulose is virtually zero degrees, the angle on wood is extremely variable 
and unpredictable owing to chance deposits of resinous materials and 
even occluded air on the cell walls. Even if the capillary walls were pure 
cellulose, the nonuniform cross section of the continuous capillary paths 
makes it difficult to calculate the degree of penetration. If a constriction 
occurs at some point in an otherwise uniform tube, penetration of the 
liquid beyond the constriction may not occur. The pit system in series 
with the fiber cavities is, in effect, a constriction; and hence if dry wood 
is immersed in a treating solution, capillary flow may not extend beyond 
the first pit system. Capillarity may occur in the cell walls; however, as 
mentioned previously, this may be looked upon as a type of solution 
rather than flow through a tube. 

Pressure permeability occurs in response to an externally applied 
pressure. In completely saturated wood, flow can be considered to occur 
much in the manner of laminar flow in a tube; that is, Poiseuille’s equa¬ 
tion can be taken to represent the relationship between flow, pressure, 
properties of liquid, and size of capillary. The analysis becomes difficult 
if air-water interfaces are present, for, in addition to the frictional re¬ 
sistance offered by the capillaries, there is the additional resistance, due 
to capillarity, offered by these interfaces. In wood, the flow is not 
analogous to the flow in a single tube, but rather to the flow through a 
number of tubes in series-parallel combination. Stamm « has shown that 
the total flow depends on the applied pressure, viscosity, size and number 
of capillaries, and the type of arrangement of the capillaries—that is, 
whether they are in series, parallel, or in some combination thereof. 
Since laminar flow depends on the fourth power of the radius of the 
tube, it is apparent that the radius will be very important in determining 
the resistance to flow. In fact, Stamm has shown that for liquid water 
permeating wood, only about 0.02 per cent of the pressure flow is through 
the cell walls (where the effective capillary radius is of the order of 
Angstroms), while the remainder is through the series and parallel com¬ 
bination of the microscopically visible capillaries, chiefly the cell-cavity 
pit system. The effective radius of the permanent pores in the pit mem¬ 
brane is much smaller than that of the cell cavity; therefore, it is these 
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pores that determine the permeability of the wood. The effective radius 
of the permanent pores is, however, very variable, especially in heartwood, 
because of the frequent complete or partial clogging up with resinous 
materials or because of the action of a valve-like membrane, the torus. 
Since the fourth power of an extremely variable and unpredictable 
quantity is involved, quantitative predictions of the pressure permeability 
of wood cannot be made. Only qualitative generalizations can be made, 40 
as follows: 

(1) Since permeability depends primarily on the effective radius of 
the pores in the pit membrane and insignificantly on the radius of the 
cell cavity, the permeability should be relatively independent of the 
density of the wood, which affects primarily the size of the cell cavity. 
This is especially true with the heartwood of different species where the 
size of the pores in the pit membrane is even smaller than that of the 
pores in sapwood, owing to partial clogging by resins. 

(2) Since clogging of pit pores is less likely in sapwood, it is much 
more permeable than heartwood. Johnston and Maass 22 report that the 
rate of pressure permeation of water through Norway pine sapwood is 
200 times that for heartwood. 

(3) Owing to the greater number of pit membranes in the transverse 
direction than in the longitudinal direction per unit length of wood, 
the resistance to flow in the transverse direction is much greater than 
that in the longitudinal direction. For this reason, pressure treatment 
of wood with solutions is much more effective in the longitudinal 
direction. 

(4) Because of the occurrence of tubes or vessels of relatively large 
radius in hardwoods, such woods would be expected to have a greater 
permeability than softwoods. Although some do, in other hardwoods 
the vessels are clogged with resinous materials called tyloses. Such woods 
have greatly reduced permeabilities. 

Diffusion occurs in response to a difference in concentration or activity. 
The phenomenon of diffusion in wood is undoubtedly the most complex 
of the three types of flow that can occur in wood; and yet, paradoxically, 
it is the flow that is most amenable to analysis, because the factors in¬ 
volved are not as variable as those involved in the other types of flow. 

Diffusion through a number of tubes depends only on the total cross- 
sectional area over which diffusion occurs and is independent of the size 
of the individual capillaries. In this respect, it differs from pressure 
permeability, which depends on the radius of the tubes through which 
permeation is occurring. Since the diffusion through capillaries of a given 
type depends only on the combined cross-sectional area, if there are 
enough of these in parallel, that is, if the fractional cross-sectional area 
of this type of capillary is large, then, even though this area is composed 
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of individual areas that may be extremely small, diffusion through this 
class of capillaries can be appreciable. Thus all capillary classes in wood, 
regardless of individual size, can contribute to the diffusion provided 
their combined cross-sectional areas are large; in other words, provided 
there are many of them connected in parallel. The network system is 
very complex, for it is composed of capillaries connected in series and 
parallel. Stamm 45 assumes that diffusion through the intricate network 
in wood is analogous to the conduction of an electric current through 
the same capillary structure. The diffusion through capillaries in parallel 
is the sum of the diffusion in each single capillary, and that through 
capillaries in series is the reciprocal of the sum of reciprocals of the 
diffusion through each capillary. The analysis which is confined only to the 
structurally simple softwoods and which neglects the small contribution 
by the medullary rays, assumes that diffusion occurs through cell cavities 
(tracheids) in series with the parallel combination: pit system-transient- 
cell-wall capillaries. A continuous passage through the transient-cell-wall 
capillaries is in parallel with the foregoing combined path. The pit system 
in turn is a complex system by itself. It consists of a pit chamber in series 
with the parallel combination of permanent and transient capillaries in 
the pit membrane. In wood of unit dimensions, there are present a 
definite number of capillaries of each type arranged in the above- 
described manner. To calculate the contribution of each capillary class, 
there are required the values for the total cross-sectional area and the 
average length of each class connected in parallel, the length, and num¬ 
ber per unit length of wood, of those capillaries connected in series. 
These structural data have been obtained by Stamm, 38 ' 45 by use of class¬ 
ical physiochemical methods. 

Consider first the diffusion of a water-soluble solute through water- 
saturated wood. Stamm's calculations show that the longitudinal diffu¬ 
sion decreases almost linearly with increasing density of wood. This 
results from the predominant influence of the void cross section of the 
cell cavities. This void cross section decreases with increasing density. 
For normal woods, longitudinal diffusion is about 15 times greater than 
the transverse diffusion. The calculated diffusion constants through wood 
are in good agreement with the experimentally determined values. 1 -■ ,n * 4fi 
In Stamm's theoretical analysis, it is assumed that the medullary rays 
do not contribute to the overall diffusion. This is tantamount to assum¬ 
ing that the diffusion rates in both the tangential and radial directions 
are equal. Burr and Stamm, 11 however, find that the radial diffusion is 
generally slightly greater than the tangential diffusion (about 50 per 
cent). Furthermore, they find that the electrical conductance is greater 
than the tangential conductance by about the same amount. This latter 
observation confirms one of the basic assumptions in Stamm's calculations. 
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The analysis of the phenomenon of diffusion of moisture through 
wood is more difficult than that of the diffusion of salts through water- 
saturated wood. Whereas in the latter, the capillary dimensions remain 
constant, during the diffusion of water through wood, as during drying, 
some of the capillary dimensions change (Ref. 45, p. 12). The analysis 
is simplified by arbitrarily subdividing the block into a finite number of 
laminae in the direction of the moisture gradient, each of which will 
have its own capillary dimensions depending on the moisture content 
of the lamina. A further complication is the recognition that moisture 
diffuses not only as vapor in the cell cavities, but also as bound water 
in the cell walls. This dual nature of moisture diffusion has been recog¬ 
nized by several investigators. 30,45 Rees and Buckman note that although 
the pressure permeability of gases through red oak is much greater than 
through bur oak, the rate of drying of red oak is less than that of bur oak. 
They attribute this to the greater proportion of the relatively slow bound- 
water diffusion in the denser red oak. 

The vapor diffusion occurs in response to a vapor-pressure gradient, 
whereas the bound-water diffusion seems to occur in response to a 
moisture-content gradient. 40 The vapor diffusion is expressed in terms of 
the bulk diffusion constant of water in air. This constant is readily 
available in the literature. The choice of the bulk diffusion constant of 
the bound water is the least secure of the various assumptions in Stamm’s 
analysis. It is assumed that the diffusion of such moisture is given by 
the Einstein equation for the diffusion of spheres out of contact with 
each other. 17 Owing to the dual nature of moisture diffusion in wood, 
the effect of density, temperature, and moisture content will depend on 
the effect of these variables on the vapor diffusion and bound-water 
diffusion. For densities less than 0.25 gram per cubic centimeter, the 
transverse moisture diffusion increases rapidly with moisture content. 
This is due to the fact that a greater proportion of the total diffusion 
in such woods is vapor diffusion. For normal woods, and when the mois¬ 
ture content of the wood is greater than 6 per cent, the diffusion constant 
is approximately independent of the moisture content. With increasing 
density, the diffusion constant decreases. This is because with increasing 
density, the proportion of the total diffusion due to bound-water diffu¬ 
sion increases, and this type of diffusion is slower than vapor diffusion. 
The overall diffusion constant of moisture through wood increases with 
increasing temperature. The rate of increase, however, is greater for 
woods of low density, for in such species vapor diffusion predominates. 

The agreement between the values of the moisture-diffusion constant 
calculated from capillary-structure considerations and from laboratory- 
obtained drying data is surprisingly good, considering the many assump¬ 
tions and approximations in the analysis. Since the analysis was made 
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only for softwoods, it would be expected that agreement for hardwoods 
would not be so good. Furthermore, since the analysis neglected the 
contribution due to the medullary rays, it would be expected that drying 
rates should be slightly greater in the radial direction than in the tan¬ 
gential direction. In confirmation of this, Rees and Buckman 30 found 
that the ratio of longitudinal to radial diffusion is about 5, whereas that 
for the longitudinal to tangential diffusion is about 9; that is, radial 
diffusion may be as much as 50 per cent greater than tangential diffusion. 

With a knowledge of the diffusion constant of water in wood, the 
drying times under different conditions can be calculated by the methods 
described by Tuttle 61 and by Sherwood. 37 These calculations, of neces¬ 
sity, assume efficient air circulation. In actual large-scale drying opera¬ 
tions, the circulation of the air through the lumber pile is undoubtedly 
not ideal, and therefore the calculation of the drying times gives the 
minimum drying periods. 

Above the fiber saturation point, the cell walls are saturated and the 
aqueous relative vapor pressure of the cell cavities is approximately unity. 
On drying such a block of wood, a wet line develops that recedes toward 
the center of the block with time. On one side of the wet line, the mois¬ 
ture content would be expected to drop off rapidly towards the drying 
surface; on the other side, the moisture content would be expected to 
rise rapidly and then remain constant. In actual drying, however, there 
is no sharp break in the moisture content-distance curve. Hawley 10 has 
shown that the shape of this distribution curve depends on the degree 
with which the cell cavities are filled with water. If the cell cavities are 
completely filled, free water cannot flow. A sharp break occurs at the 
fiber saturation point. The moisture content rises very rapidly to a value 
corresponding to the moisture content of the original green wood. On the 
other hand, if air bubbles of appreciable size are present in the cell 
cavities, that is, if the cells are only partly filled, a break does not occur 
at the fiber saturation point; but, instead, the moisture content increases 
progressively and approaches the original moisture content. The overall 
diffusion, here, seems to involve the diffusion of free water. As free water 
leaves the surface cavities, air-water interfaces are created in the per¬ 
manent pores of the pit membranes. The water is in this case under 
tension by an amount depending on the size of these pores. To reduce 
this tension, the air bubbles in the interior cavities expand and, in so 
doing, enable water to flow out of these cavities. Thus the flow of free 
water above the fiber saturation point is really governed by the diffusion 
of the moisture below the fiber saturation point. 

In actual treating processes, combinations of these three types of flow 
generally occur. Consider the simple method of treating wood by soaking 
it in the treating solution. If the wood is initially air-dry, some flow by 
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capillarity occurs; however, the building up of back pressure may offer 
resistance to such flow. Diffusion of a solvent into wood frequently pre¬ 
cedes the diffusion of a solute. It is thus often desirable when a water- 
soluble solute is to be deposited in wood by diffusion, to treat the wood 
in the green state. Stamm and Seborg 53 found that sheets of 1/16-inch 
Douglas-fir veneer containing 100 per cent of water on the basis of the 
dry weight of the veneer took up 25 per cent of the weight of the dry 
wood of phenolic resin in 8 hours from a 50 per cent aqueous solution. 
Similar veneer containing only 6 per cent moisture required 30 hours 
to take up the same amourit of resin. Green veneer, however, is not 
always available. Impregnation times for air-dry veneer can be reduced 
by using high-pressure permeation. The resistance to flow resulting from 
back pressure can be reduced by evacuating the wood before immersing 
it in the treating solution. Air-dry wood is often impregnated with creo¬ 
sote by first evacuating the wood in a cylinder, and then by running in 
creosote under high pressure. 
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CELLOPHANE 


Charles M. Rosser 

American Viscose CorpFredericksburg , Va. 


Early History 

The word cellophane has become, through common usage, a term to 
denote the films or foils of cellulose hydrate regenerated from cellulose 
solutions such as viscose and cuprammonium. A detailed description of 
the early developments and history of cellophane are set forth in a Ger¬ 
man book by Halama, 1 which was published in 1932. Although Branden- 
berger is rightfully considered the father of the cellophane industry, the 
general idea of forming films from Cross and Bevan’s 2 viscoid (viscose) 
was disclosed in a British patent by Stearn 2 in 1898. Stearn proposed 
that the viscose be forced through a fine slit into an ammonium chloride 
solution for regeneration. In 1902, British Patent 2,529 mentioned films 
made from cellulose. 

The first practical production of regenerated cellulose film 1 was made 
by Brandenberger in 1908, while employed in a textile works in Thaon- 
les-Vosges, France. His original thought was to use his product in the 
photographic industry. It was a film about ten times thicker than present 
films. Brandenberger coined the word cellophane to describe this ma¬ 
terial: cello from cellulose and phane from diaphane (diaphanous), for 
its clarity and transparency; cellophane = transparent cellulose. He had 
a process and a product but little market. By 1912 the film thickness had 
been lowered to 0.02 mm (0.0008 in), and a use in packaging was de¬ 
veloped for the product. The cellophane industry was established, as 
S.A. La Cellophane in Paris, in 1913. This early date may interest those 
who consider cellophane a modern development. 

La Cellophane licensed duPont de Nemours, in 1923, to use its process 
in the United States. In 1926, the firm Kalle and Company was licensed 
in Germany. Competition had sprung up in Belgium by Sidac (La Societe 
Industrielle de la Cellulose) and in Germany by Wolff and Company. 
Production was underway in England, Poland, Holland, and Canada. 
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Before and during World War II, Japan was a producer. Cellophane is 
now also made in Sweden, Spain, Italy, Egypt, Czechoslovakia and Brazil. 
Current production in the United States alone is reported to be about 
200 million pounds annually, serving some 5,000 uses. 

Manufacture of Cellophane 

In the first steps of cellophane manufacture by the conventional viscose 
process, the procedure is similar to the production of viscose bright rayon 
as outlined by Moss. 5 Briefly it is as follows: A high grade of cellulose 
pulp sheet (high alpha-cellulose content) is steeped in 18 per cent sodium 
hydroxide under controlled conditions. After pressing to a predetermined 
weight, the alkali cellulose sheets are shredded and aged at closely con¬ 
trolled temperature. The aged “crumbs” are reacted with carbon disulfide 
(xanthation), and the product is dissolved in dilute sodium hydroxide 
solution to form viscose. The usual filtration steps are observed, and after 
proper ripening, the viscose is ready for regeneration into cellulose 
hydrate. 

From this point on, cellophane differs in method but not principle 
from rayon manufacture. In fact, the more recent continuous spinning 
of rayon resembles cellophane spinning (casting) more closely than it does 
the pot spun-rayon method. In the cellophane and continuous rayon 
methods, the foil or filament is a continuous entity from the extrusion 
point to the finished windup. Whereas the viscose rayon is extruded 
through fine holes into the coagulation bath, cellophane is cast through 
a long slit (about eighty inches in length). 

In the Brandenberger process the viscose was cast free from the im¬ 
mersed lips of the hopper. The film sheet traveled unsupported for a 
short interval before it reached a submerged roller in the coagulating 
tank. In the Transparit process, developed by Wolff and Company and 
put on the market in 1923 in Germany, a competitive type of casting 
system was used. It was an adaption of the known method by casting on 
a moving wheel above the coagulating bath level. The layer of viscose 
was coagulated as the wheel submerged in the acid bath, and the formed 
film was stripped from the highly polished surface near the point of 
emergence from the liquid. The wheel was approximately eight feet in 
diameter. Otherwise the two processes closely resembled each other, ex¬ 
cept for slight differences in drying procedures. Of the two methods, it 
is believed the “free” casting is in general use today. However, from 
observations on some physical properties of a sample of Japanese film 
captured during the war, it appeared probable that the film had been 
cast upon a support. 

In the conventional process the coagulating acid bath is followed by 
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more dilute acid regeneration, desulfurization, bleaching, and plasticizing 
baths. Between each set of processing baths are water washes to flush the 
successive chemical treatments from the film. Glycerin, in preference to 
other softeners, is most widely used, as it is odorless, tasteless, colorless, 
nontoxic, nonvolatile, hygroscopic, and relatively inexpensive. It is pos¬ 
sible, by choice of other softeners, to produce a film which will retard the 
propagation of an applied flame. 

For colored grades the dyeing is done on the casting machine, although 
colorless dried film may be dyed later on a special machine. The most 
frequently used colors are pink, red, amber, blue, green, and black. 



Figure 1. Cellophane "mill roll." The sheet is wound into rolls 
of suitable length. 


Upon exit from the plasticizer bath, the film is pressed, usually by 
rollers, to remove excess liquid, and it is then passed to the dryer section. 
When one considers that the film at this point contains 70 to 80 per cent 
liquid, the drying requirements are important. From this step on the 
cellophane process conforms more to paper practice than to rayon. The 
conventional dryer consists of a series of staggered iron rolls, internally 
heated, over which the film passes as the water is removed. There is 
usually some provision made to carry off the moisture-laden air from the 
dryer area. It is essential that some control be kept over the film during 
this stage to produce a smooth clear sheet. The water in the cellophane 
is reduced to an optimum figure, and the sheet is then wound into rolls 
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of suitable weight (Figure 1). The water content is a minor percentage 
(six to eight per cent), but a very important factor in the usefulness of 
the film. 

In the manufacture of the base film by the conventional method, a 
“grain” is cast and dried into the film structure in the direction in which 
the film is extruded and passes through the processing baths and over 
the dryers. There is little restriction in the transverse direction during 
manufacture. Whatever irregular grain is formed, is reflected in the later 
life and usage of the film. These effects may be observed by viewing- 
cellophane in polarized light. As a result of the above handling dur¬ 
ing manufacture, cellophane possesses certain inherent properties. Its 
machine-direction tensile strength is greater than that in the transverse 
direction, under standard testing conditions; conversely, its machine- 
direction elongation is less than that across grain (transverse). Its resist¬ 
ance to tearing is greater across than with the grain. Changes in moisture 
content cause dimensional changes in the sheet, which are more pro¬ 
nounced in the transverse direction. 

The major portion of cellophane film is coated with lacquers deposited 
from volatile solvents. The lacquered surface is hydrophobic and retards 
the passage of moisture vapor through the foil. The most common lac¬ 
quer base (film former) is low-viscosity nitrocellulose, although many 
other bases have been considered. The usual solvents are the lower alkyl 
acetates, hydrocarbon diluents, and perhaps an added alcohol. Most 
compositions include a resin component, a wax, and a plasticizer for the 
film former. By variation in the solids composition, various desirable 
properties may be imparted to the finished product, such as heat seal 
(self-sealing with heat), water-vapor resistance, ink reception in printing, 
and resistance to immersion in water. The base film is quite impermeable 
to dry gases and resistant to passage of oils. This property was utilized 
in the last war in the production of mustard gasproof protective covers 
for military personnel. 

To conduct the process in an economical manner, recovery of chem¬ 
icals is necessary wherever possible. As in the rayon industry, the sodium 
sulfate is recovered and sold. Acid is also reclaimed and reused. The 
volatile solvents in the coating operation are recovered by adsorption on 
activated carbon, then distilled, and reused. 

Grades of Cellophane 

Cellophane is produced in the following weights or gauges: 300, 450, 
600, and 800. This terminology is a carry-over from the European prac¬ 
tice, in which the weights are listed in grams per square meter. The type 
300 weighed 30 grams per square meter, the 450 was 45 grams, and so on. 
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The public encounters the 300-grade on cigarets, bread, etc. The 300- 
grade is produced in largest quantity since it gives the greatest coverage 
per unit cost. Where more body or rigidity is required, the 450-grade is 
used. The 600-grade is familiar to all as the backing on pressure-sensitive 
tapes. Some use is made of the 800-grade in tear strips on chewing gum 
and cigarette packages. 


Table 1. Comparison of Moistureproof and 
Non-Moistureproof Cellophane Grades 


Non-moistureproof 


Gauge 

Approx. 

Thickness 

(in) 

Approx, 
sq inches 
per lb 

300 

0.0009 

21,500 

450 

0.0013 

15,000 

600 

0.0016 

12,400 


Moistureproof 



Approx. 

Thickness 

Approx, 
sq inches 

Gauge 

(in) 

per lb 

300 

0.0010 

19,500 

450 

0.0014 

14,000 

600 

0.0017 

11,600 


Cellophane is divided into two general classes. One is the plain or 
so-called non-moistureproof grade (Table 1). The other is the moisture- 
proof class. A further definition here is helpful. The non-moistureproof 
type is hydrophilic and has surfaces wettable with water; in addition, it 
is not resistant to the passage of moisture vapor. The moistureproof grade 
has hydrophobic coatings applied over the hydrophilic base film, render¬ 
ing the surfaces water-repellent. The resistance of these coated films to 
the passage of moisture vapor may be varied from high to low so as to 
suit the particular need of the user. However, water-repellent films are 
not considered waterproof (or liquidproof). Where usage demands con¬ 
tinued exposure to high moisture contents or immersion in water, an 
anchoring treatment is necessary before application of the usual coating, 
although it is possible to prepare a vaporproof, waterproof coating in 
one step. 

For special uses, the product may be a combination of both classes. 
That is, the lacquer coating is applied to one surface only, so that the 
film has one water-wettable surface and one water-repellent surface. 
It may be produced in varying degrees of water-vapor resistance. At 
present, this type is being used for wrapping red meats in self service 
markets. 

An untreated, plain or non-moistureproof stock would tend to stick 
together or block, thus making separation tedious and difficult. This is 
usually prevented by either treating the finished spun film with an anti¬ 
blocking agent deposited from organic solvents, or by the application of 
a sizing bath while the film is on the spinning machine. In either case, 
the hydrophilic character of the surface is retained. 

The wet gel film, obtained before passage over the drying rolls, finds 
application in dialysis. At present it is popularly used in this country as 
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an osmotic membrane for the determination of molecular weights of 
polymers. The undried gel is shipped in water. 


Specific Reports and Patents on Cellophane 

As previously mentioned, the book by Halama gives a very complete 
picture of the early history of cellophane in Germany. Similarly, the 
most detailed reports of modern practice appear to be the studies made 
by the Allied teams in Germany, following World War 11, e.g., the 
British B.I.O.S. Report No. 858 and the American F.I.A.T. Reports Nos. 
956, 934, 553, 480 and 59. 6 ' 11 

American Report. Field Information Agency Technical Report No. 
956, 7 contains seventeen drawings and diagrams setting forth details of 
the casting machine, hoppers, dryers, and coaters. In addition, there are 
ten photographs of various phases of operations, including casing manu¬ 
facture. As in other reports, compositions of the various processing baths 
are given relative to the speed of casting. Several lacquer formulas are 
listed, as well as processes for making anchored film, as described in the 
following patents: 

German Patent 752,714 [See U.S.A. Application 339,493 (June 8, 1940)]. 
Anchoring of lacquer layers on hydrophilic foils. According to claim, 
“Ketendimeren" is intended as interlayer. 

German Patent 696,168 (August 24, 1937). Process for manufacture of 
cellulose hydrate foils coated with waterproof layers. The process claims 
a thin interlayer of mixed polymers of maleic anhydride and vinyl de¬ 
rivatives in organic solvents, prior to lacquering proper. 

German Patent 747,627 (August 5, 1942). Cellulose hydrate foils are 
treated with isocyanate solutions and then lacquered, or the isocyanates 
are added to the lacquers used for coating the foils. 

German Patent 752,808 (January 15, 1943). Increase of the adhesive 
strength of moistureproof layers on cellulose hydrate foils. Prior to apply¬ 
ing the moistureproof lacquer, the unlacquered foils are treated with 
thin solutions of N-N-alkylene ureas in organic solvents. 

German Patent 753,191 (May 24, 1943). Process for increasing the ad¬ 
hesive strength of moistureproof layers of cellulose-hydrate foils. Ethylenc- 
imine polymers are applied in aqueous solution to the cellulose-hydrate 
foil prior to drying; the foil is then lacquered in the usual manner. 

The formula for moistureproof heat-sealing lacquer is listed in the re¬ 
port as follows: 


MST Type 

77.0 kg nitrocellulose E 730 spirit moist (50 kg dry) 
0.5 kg KM resin special (I.G. rosin-maleic resi ) 
0.5 kg FLS resin (composition unknown) 
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3.0 k Alkydal RD25 (I.G. aikyd resin) 

12.5 kg Uresin B (I.G. urea formaldehyde resin) 
22.3 kg dibutyl phthalate 

16.5 kg dicyclohexyl phthalate 
4.0 kg paraffin, m.p. 54° 

560.0 1 solvent mixture (benzene and rc-propyl acetate 
in weight proportion of 2 to 1) 


Included in the report are also some laboratory testing and evaluation 
methods for the films. 

British Report. Although lacking in illustrations and drawings, the 
British report, British Intelligence Objective Sub-Committee Report 
No. 858, is very complete in detail. Processes used by the main com¬ 
petitors in the cellulose-hydrate foil business, Kalle and Company and 
Wolff and Company, are well covered, as well as the cuprammonium 
process of J. P. Bemberg. 

Viscose Process . Regarding the two different casting methods used by 
the German companies in the early days, it is worth noting that Kalle 
was still using the immersed-lip type exclusively, while Wolff was using 
both the immersed-lip casting and the drum method. It is reported that 
films manufactured by the two processes showed no differences in tensile 
strength and elongation, although the drum-cast film exhibited more 
slip. Hence the latter was diverted into plain film, and the former into 
coated film. 

There is a short summary of the method and difficulties encountered 
by the Germans in the development of continuous steeping and pressing 
of the cellulose pulp in the caustic-soda system. Weighed quantities of 
pulp were agitated with a measured quantity of steeping soda until a 
slurry was formed. The slurry was fed at a constant rate to a screw-type 
press, whose speed was balanced to the inlet slurry to give a cake of 
desired composition. The cake was shredded, aged, and reverted back to 
the batch process in the usual xanthation step. Some continuous aging 
was also tried. In general, progress is represented by improvement and 
refinement of older methods of viscose cellophane manufacture. 

Wolff and Company data on setting and regeneration baths are given 
as follows: 


Immersed-Lip Type 


Film 

Weight 

(gm/m s ) 

Speed 

(m/rain) 

Setting 
H2SO4 
(Voi %) 

30 

32.0 

15-16 

40 

21.5 

16 

60 

15.3 

16 

120 


[Could not 


Bath 

Na 2 S 0 4 

Temp. 

Regen. 

Bath 

H2SO4 

(Vol %) 

(°c> 

(Vol %) 

16-17 

42.0 

7-8 

16-17 

42.0 

8—9 

16-17 

45.0 

8-9 

be cast on this 

machine] 



Wash and 
Regen. Bath 
H2SO4 
(Vol %) 


4.5 

5.0 

5.0 
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Drum Type 


30 

22.2 

8-8.5 

12-14 

30 

6-7 

3-5 

40 

15.3 

8-10 

12-15 

32 

7-8 

4-5 

60 

8.3 

10-12 

14-16 

32 

7-8 

4-5 

120* 

4.2 

10-11 

14-16 

32 

7-8 

4.5 


* Possible only with special high-caustic, high-cellulose viscose. 


The British report discusses the finishing equipment in use in Ger¬ 
many. This includes the slitting and reeling machines and converting 
machines, such as bag formers and printers—both aniline and roto¬ 
gravure. It would appear, that present practice in this country is far 
advanced in speeds and technique, such as described in the publication, 
Modem Packaging Catalog. 

Other Processes of Manufacture. Up to this point, this review has been 
confined to cellophane produced by the viscose process. Regenerated 
cellulose was first manufactured by Bemberg, A.-G. in 1932. Their manu¬ 
facture of the film by the cuprammonium process on a large scale began 
in 1936. No moistureproof film had been made up to 1946. The product 
was sold under the trade mark “Cuprophan.” It was produced in lighter- 
weight grades than viscose film, i.e., 15, 23 and 34 grams per square meter. 
The product was used for wound dressings (from the 15-gram stock)—slit 
and woven, and overlaid with lint. It was also woven into belts impreg¬ 
nated with an unknown substance. Other outlets for “Cuprophan" were 
in cable insulation and ladies hats. For films of equal thickness, the vis¬ 
cose film was reported cheaper. 

Technically, cellulose (wood pulp, cotton linters, rayon waste) was dis¬ 
solved (9 per cent) in cuprammonium solution prepared from copper 
oxychloride, ammonia, caustic soda, and sodium arabonate solution. In 
contrast to the viscose spinning solution, the cellulose cuprammonia 
solution could be stored for months without substantial deterioration. 
The spinning solution was spun down through a slot in a hopper, 
through an air gap, into an aqueous caustic-soda setting bath, to form 
a gel film, which after washing was regenerated in a dilute sulfuric acid 
bath. After further washing with water, the film was plasticized with 
glycerin or triglycol and dried in the usual manner. Only half the plasti¬ 
cizer content was found necessary for this film, as compared with viscose 
film. Also of interest was the use of ion-exchange resins for recovery of 
the copper from solution. 

In a field closely allied to cellophane, tons of seamless regenerated 
cellulose tubes are sold as casings for meats, cheeses, etc., or cut in narrow 
bands to be dried on as bottle closures. A major portion of these products 
are produced by the viscose process, differing mainly in the choice of an 
annular in place of a straight slot for extrusion. 

Some tubing is manufactured by the denitration of cellulose nitrate to 
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form cellulose hydrate. In this process, nitrocellulose (cellulose nitrate) 
is dissolved in ether-alcohol mixture and extruded into tubular form. 
After washing, the tubing is denitrated (ester-splitting) by alkaline media 
(usually sodium hydrosulfide solutions). This process produces an ex¬ 
cellent film and one difficult to match by the viscose process. 

Regenerated cellulose films may also be produced by the deesterfication 
of other cellulose esters, i.e., the acetate. A recent patent 12 refers to this 
process as one for the production of regenerated cellulose sheet materials. 
The method comprises swelling the dry, nonfibrous sheet with an aque¬ 
ous solution of acetone and saponifying the swollen sheet. The resulting 
regenerated cellulose sheet is claimed to have improved and substantially 
uniform directional strength and elongation characteristics. 
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PROTECTIVE WRAPPINGS— 
BRITISH APPROACH 


C. R. Oswin 

British Cellophane Ltd., Bridgwater, Somerset, England 


The function of transparent wrappings has passed almost imperceptibly 
from decoration to protection—protection of the wrapped product dur¬ 
ing its journey from the packer to the consumer. The transparent pack 
is a basic unit of “super-markets” and self-service stores, but the relatively 
costly wrappings would probably not be used for common wares if they 
did not reduce loss by deterioration and waste. 

Much of the material of ordinary merchandise is perishable; that is, 
on keeping it will deteriorate. The agent of deterioration is sometimes 
air, for example in the oxidation of fats; but damage is more often 
caused by air-borne matter such as water vapor or mold spores. Some 
wares may, of course, be particularly susceptible to mechanical damage, 
but mere wrapping affords no protection against such harm. 

The commonest single cause of deterioration is a change in water 
content. Many commodities are hygroscopic, and change their water con¬ 
tent according to the relative humidity of the ambient atmosphere, los¬ 
ing, at certain water contents, their palatability or texture. The trans¬ 
parent wrappings which are used commercially do not entirely prevent 
this change, because they are not perfect barriers against water vapor; 
but some of them offer such high resistance to the passage of water 
vapor that the rate of change of water content becomes very slow. The 
change is thereby held within an acceptable amount for as long as the 
package is likely to be kept before use. 

The rate of change of water content in wrapped goods can be esti¬ 
mated 1 to see whether a given design of package will be adequate for 
its intended commercial life. Several factors combine to determine the 
life of the package, and they may be considered as functions of (1) the 
material to be packed, (2) the wrapping material used, and (3) the 
climatic conditions to which the packages are subjected. It is possible 
to test the efficacy of sample packs merely by exposing them to typical 
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atmospheric conditions, 2 but this method is slow and extravagant in 
comparison with a theoretical analysis of the package efficiency, backed 
by one or two accelerated storage tests. The basis of the theoretical 
examination is the analogy between a package (consisting of a water- 
vapor-resistant barrier surrounding a material of known water capacity, 
the whole being exposed to a water-vapor pressure gradient) and an 
electrical circuit, consisting of a condenser of known capacity being 
charged by a steady potential applied through a resistance. It is already 
known that the rate of charge of such a condenser would be exponential, 
and the exponential rate of decay was introduced independently into 
three package-life studies in 1945. 3 

The Nature of the Material to Be Packaged 

Some materials are too sensitive to changes in water content to be 
packed in flexible wrappings at all. They are usually crystalline materials 
which undergo a change of form when they gain or lose small quantities 
of water, and the changes occur abruptly at definite relative humidities. 
The complete change of crystalline form is accompanied by a relatively 
large change in the amount of water present, but deterioration of the 
packed material becomes evident when only a small proportion of the 
change has taken place. For example, pure sucrose does not absorb 
water from the atmosphere at all when the relative humidity is below 
85 per cent, 4 but in contact with atmospheres of slightly higher humidity, 
absorption is rapid and the deliquescence produces caking of the 
crystals. Similar behavior is shown by sodium chloride, which is hygro¬ 
scopic above 75 per cent relative humidity. The behavior of typical 
crystalline materials under different conditions of relative humidity is 
indicated in Figure l. 5 

When the hygroscopic material has a colloidal nature, e.g., an in¬ 
soluble gel, the effect of changing relative humidity is always more 
gradual. At no stage is there a sudden jump in the equilibrium water 
content for a slight increase in relative humidity, but the increase is 
gradual, and the graph of water content against relative humidity (Fig¬ 
ure 2) is a characteristic ogee, the so-called “sigmoid isotherm." 0 The 
adsorption and desorption isotherms often diverge slightly, showing a 
“hysteresis” loop, but it is not necessary to allow for this in simple 
package-life calculations. The values of the equilibrium water contents 
may also vary for different samples of the same gel, according to the 
history of the material, but these variations can be ignored in simple 
package-life equations. 

The change in water content of the colloidal materials may be ac¬ 
companied by a change in dimensions or in physical properties, but 
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the change is gradual. The swelling or contraction is not catastrophic 
unless there is a sudden collapse of the structure, accompanied by 
syneresis or “crazing.” When deterioration of the colloid material is 
caused by change in water content, it is generally spread over a range 
of humidity. The packed commodity may spoil eventually by loss of 
moisture, by mold growth, or other means; but always a certain amount 
of change in water content can be tolerated 7 before deterioration is 
serious, and it is this characteristic behavior of colloid materials which 
makes the use of protective wrappings profitable. Not only is the 
change tolerated, but it produces a slowing down in the rate of pene¬ 
tration. The water-vapor-resistant wrapping so retards the change of 



Figure 1. The water relations of some crystalline materials: (A) 
copper sulfate, (B) calcium chloride, (C) sucrose. 


water content in the wrapped material that deterioration is avoided for 
a period of time sufficient to cover the journey from the packer to the 
user. When the perishable material is not hygroscopic but reacts, like 
iron, with moist air, deterioration may be retarded by placing an ab¬ 
sorbent material such as silica gel inside the water-vapor barrier. 

Naturally, the greater the difference between the water content of 
the goods at the time of packing and that at which deterioration be¬ 
comes serious, the longer the package can be expected to last under 
given conditions and this factor, the difference between the moisture 
content at packing, a 0 , and that at which deterioration appears, a, has 
been called the “permissible water change/’ The dry weight of ma¬ 
terial, TV, enclosed in a package of given size will also affect the life of 
the package, since the rate of ingress of water vapor is not affected by 
the weight of filling amongst which it is distributed. In practice this 
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does not mean that it is necessary or desirable to compress a pound of 
material into a half-pound package, but that with a given area of wrap¬ 
ping, a, it is desirable to enclose the maximum weight of goods. This 
calls for avoidance of packages which depart widely from the shape of a 
sphere or cube. In order to simplify the calculation, all water contents 
are expressed as percentages of the dry weight of the packed material. 

In developing the package-life equation, it is necessary to transform 
the humidity gradient into a function of the water content, and as will 
be seen from Figure 2, the relation is complicated. For normal com¬ 
mercial purposes, however, no serious error is introduced by assuming 



Figure 2. The water relations of some colloidal materials— 
adsorption isotherms only: (D) breakfast cereal, (E) tobacco, (F) 
starch, (G) silica gel. 

that the isotherm is a straight line. The slope of such a hypothetical 
linear isotherm, ft, is the average increase in equilibrium water content 
corresponding to a 1 per cent increase in relative humidity of the 
atmosphere, and it expresses the “avidity” of the goods for water. 


The Nature of the Wrapping Material 

The effectiveness of the package in preserving its contents against 
changes in water content also depends on the resistance offered by the 
wrapping to the passage of water vapor. The resistances of the different 
commercial wrappings which are available vary over several orders of 
magnitude, and it is not always necessary to use the most resistant 
wrapping. 8 Laboratory measurements of the resistance of the wrappings 
to water vapor are usually made by sealing a sheet of the wrapping 
over the mouth of a cup which contains water, an aqueous solution, or a 



C. R. OSWIN 


655 


desiccant. More or less elaborate means are adopted to seal the edge of 
the sheet according to the frequency with which tests are made. 9 The 
closed cup is weighed, and placed in an atmosphere which is either drier 
or wetter than the inside of the cup; after allowing a suitable induction 
time, the cup is weighed periodically to find the rate of loss or gain of 
water. For the test to be useful in manufacturing process control, it 
must be completed in 24 hours, and the more resistant wrappings do 
not then give sufficient change of weight for accurate determination 
unless a temperature of about 40° C is maintained. Tests at 0°C and 
— 20°C, although desirable, are not yet practicable because of the slow 
loss. 

There are many variants of the test, but the difference in results is 
generally of a smaller order than that between different grades of 
wrapping. 

Many different units are used 10 for expressing the resistance (or its 
reciprocal, the permeability) of a wrapping to water vapor. Most of them 
are weight changes under specified conditions, but for package-life studies 
it is better to have a convertible unit, and the resistance of wrappings 
to vapor has been defined 8 in cgs units as the pressure in dynes/sq cm 
required to force 1 cc of water vapor at a pressure of 1 dyne/sq cm 
through 1 sq cm of the wrapping in one second. The resistance in these 
units, divided into 69,000, gives the GFMVTR in g/100 sq in/day at 
40°C, at 5 to 91 per cent relative humidity. If the resistance of the wrap¬ 
ping is so high that it can only be measured accurately at temperatures 
approaching 40°C, it can be corrected back to more normal tempera¬ 
tures, since the relation between resistance and absolute temperature is 
an exponential one. The figures quoted below are corrected to 25°C. 

Papers, glassines and other fibrous sheets offer little resistance to the 
passage of water vapor unless they are waxed or coated. Waxed-papers 
and - glassines have a fairly high resistance to water-vapor (12,000 cgs 
units) but they are easily damaged by creasing or crumpling. Varnished 
papers 11 or papers coated with a plastic such as polythene do not suffer 
from this disadvantage, and they may show resistances up to 5000. 
Regenerated cellulose 12 film is made in thicknesses from 0.0008 to 
0.0016 in by dissolving xanthated cellulose in dilute caustic soda, ex¬ 
truding the solution so formed through a linear orifice and regenerating 
the cellulose by means of buffered sulfuric acid solution. The film is 
impervious to oils and greases, but it is scarcely more resistant to water 
vapor than is paper. The application of a nitrocellulose solution con¬ 
taining plasticizers, blending agents and waxes, confers on the so-called 
“moistureproof’ cellulose film a high resistance to water vapor (up to 
45,000), thus combining protection with the desirable mechanical prop¬ 
erties of cellulose sheet. Intermediately moistureproof films for certain 
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uses may have a resistance of about 4000. Cellulose acetate 13 films, made 
by spreading solutions of plasticized cellulose acetate from organic sol¬ 
vents on to a polished support and evaporating the solvent, show a low 
resistance (250) to the passage of water vapor. Acetate films made by 
extrusion, and films of acetate-butyrate have a similar resistance. Normal 
thicknesses are 0.001 to 0.003 in. 

The thermoplastic films, unlike coated papers and cellulose films, 
are resistant to water vapor throughout their thickness. They are flex¬ 
ible, but because they are always plasticized so as to seal by heat, they 
show more stretch on printing and bag-making machinery than do the 
cellulosic wrappings. They are more resistant than coated cellulose to 
damage by creasing or scratching, but tend to be less stable. Rubber 
hydrochloride 14 film is made by casting a plasticized solution in hydro¬ 
carbons on to a support and evaporating the solvents. Freshly made film 
about 0.0009-in thick has a high resistance to water vapor (20,000) but 
on exposure to air or light the film slowly deteriorates, becoming brittle, 
and losing more than half its resistance to water vapor. Polyethylene 15 
films deteriorate much more slowly but usually have a lower initial re¬ 
sistance to water vapor (6000 at a thickness of 0.001 in). They are made 
by extruding molten polymer, or by calendering. Thicker films, up to 
0.003 in, may show resistances comparable with coated regenerated cellu¬ 
lose films. They are not perfectly transparent. Flexible films made from 
vinyl 16 polymers show only moderate water vapor resistance, ranging 
from 1000 for plasticized polyvinyl chloride to 200 for polyvinyl alcohol. 
Polyvinylidene chloride 17 films are also made by band casting; they 
show exceptionally high resistance to water vapor (120,000). As yet, how¬ 
ever, they are only produced on a small scale. Wrappings of higher 
resistance than those listed can be made by laminating 18 two or more 
plies; any of the above wrappings may be laminated together, to other 
wrappings, or to metallic foil The increased thickness of laminated ma¬ 
terials makes them more difficult to use on automatic wrapping ma¬ 
chines, but they have the advantage of being applied in one operation. 

Alternatively, where the resistance afforded by a single wrapping 
proves inadequate, high values can be obtained by using several re¬ 
sistances in series. These can take the form of multiple wraps, but more 
economical results are achieved with bulk overwraps. The penetrable 
area of the wrapper, a is also a factor in the package-life equation, and 
where wrappings of different resistances are used in different parts of 
the pack, the resistances can be summed in parallel by the usual 
formula. 19 This is necessary with window packs and with packs of waxed 
paper or regenerated cellulose film, where part of the wrapping has 
been damaged by scratching or by heat-sealing. 20 The sum of areas and 
resistances is expressed by the term Za/r in the package-life equation. 
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The Effect of Storage Climate 

Two components of the storage climate affect package life. One is 
temperature, the other relative humidity. The relative humidity deter¬ 
mines the equilibrium moisture content ( a s ) which the contents of the 
package approach, 6 while the temperature affects the rate at which the 
approach is made. 3 In practice, the storage humidity is not constant, but 
Lavers 21 has shown that the humidity inside a package oscillates about 
a curve, which is roughly exponential when the external fluctuations of 
humidity are regular. It is sufficient for commercial purposes to take 
the average temperature and humidity for climates to which the pack 
is likely to be subjected. 

Attempts have been made to systematize climatic types, notably by 
Koppen and Thornthwaite, 22 but seasonal variations complicate the 
classification. Brooks 23 has calculated an index of climatic deterioration, 
but his index only applies to deterioration of materials under the in¬ 
fluence of a high humidity, and does not take into account the fact that 
many commodities, for example cigarettes or bread, spoil by losing some 
of their water to the air. In general, meteorological data are needed for 
each country to which packs are likely to be sent. It must be borne in 
mind, however, that packs are normally stored indoors, and that if the 
average outdoor temperature falls below 65 °F, artificial heating may 
raise the indoor temperature and reduce the storage humidity. 

The effect of humidity of the storage atmosphere is allowed for in 
the package life equation through the term, a 8i the moisture content 
which the goods would attain if they were exposed unwrapped to the 
storage atmosphere. The total change which can take place, a s — a 0 , is 
called the “potential water change.” The ratio of (potential water change 
minus actual water change at any time) to (potential water change) is 
called 24 the “dishumor”, 8 ,* since it denotes the relative amount by which 
the contents of the package are still out of humor with the storage 
atmosphere at any time after exposure has begun. 

Temperature affects package life in two ways—firstly by increasing 
the vapor pressure of water which corresponds to a given relative humid¬ 
ity, and secondly by reducing the resistance of the wrapper. The varia¬ 
tion of water vapor pressure ( p) with temperature is tabulated, and it 
has been found 3 that the resistance of “moistureproof” cellulose film is 
inversely proportional to p 1Q . The package life is thus inversely propor¬ 
tional to p 2 *. This sensitivity to temperature is reflected in the fact that 
a decrease of 8°F in the storage temperature doubles the shelf life. 

* This is the Anglo-Saxon thorn, pronounced like the letters th. — Ed . 
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The Package-Life Equation 

The full equation which has been developed for estimating the life 
of a package, at least up to the half-life, is:— 


t 


p*'*I,a/r 


lo g e 


(a, - ao) 

(a* - a) 


but for rapid calculation this can be simplified without introducing 
serious errors. By taking weighted averages for a and r and correcting r 
to a standard temperature, a number of factors can be combined 
together in a single factor, K, which expresses the inherent absorbence 
of a package. The temperature factor, p„- a , runs closely proportional to 
the fourth power of the temperature in degrees Centigrade over the 
range 15 to 35° C (which is the normal range of indoor storage tempera¬ 
ture). Further, there is no need to allow for extensions of package life 
beyond about half-way to the equilibrium moisture content, a„ since if 
the contents of the package did not spoil by that point there would be 
little need for protection by wrappings. So the term log e (a*— a„)/(a s —a) 
can be replaced by the approximation 2(1—3)/(l+3). Then, collecting 
all constants into the efficiency term K, the equation becomes: 

Kr (1 - 8) 

1 ~ r 4 (i+8) 


Maximum values of r have already been quoted: in practice they will 
be somewhat reduced, especially if there is abrasion, creasing or heating 
of the wrapping during application. Some typical values of K are quoted 
in the table below: 


Table 1. The Factor K for 
Some Typical Packages 


Biscuits (J- lb) 32,000 

Cigarettes (20) 5,400 

Dried egg (5 oz) 16,000 

Breakfast cereals (12 oz) 24,000 

Rice (£ lb) 13,000 

Tea (i lb) 8,200 

Cornflour (1 lb) 21,000 

Starch (J lb) 15,000 


This enables the life of packages in different wrappers to be assessed. 
The graph in Figure 3 shows how the equation was followed in prac¬ 
tice by packets of twenty cigarettes stored at 32 per cent relative humid¬ 
ity and 95°F. 

As an additional safeguard, laboratory tests should always be made 
by exposing sample packs to known, fixed conditions. 2 * 5 The equation 
does not apply to crystalline materials, to materials which crystallize or 
grain, or to materials which themselves offer a high resistance to the pas- 
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sage of water. Problems of this nature arise in the wrapping of sugar 
boilings, or of moist foodstuffs which would grow mold unless an 
inefficient wrapper allowed the surface “crust” to become too dry to 
support mold growth. 

Great accurracy will not, of course, be obtained by using this simpli¬ 
fied solution, or by using an alternative approximation adapted to solu- 


Figure 3. Comparison between predicted 
and observed shelf-lives for packets of 
twenty cigarettes wrapped in "moisture- 
proof" regenerated cellulose film. 



tion by slide rules. 26 But since storage conditions cannot be accurately 
foreseen, nor packages all made identical, it is better to use a simple 
approximation and a safety factor than to calculate the life exactly. For 
evaluating the majority of common protective packages, it is quite suffi¬ 
cient to use the simple equations based on the assumption of an expo¬ 
nential rate of decay. 
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PACKAGING—AMERICAN PROBLEMS 


Charles A. Southwick, Jr. 

Technical Editor , "Modern Packaging ” and Packaging Consultant 


Packaging in the United States is considered a necessary element in the 
distribution, merchandising, and use of all products and goods. This 
concept has been greatly developed by the self-service type of retail 
store and from there it has spread even into industrial fields. This means 
that packaging does more than preservation alone, since the package is 
now the means of distribution and an aid to sales and merchandising. 
Actually, the concept of preservation is broadened to include the in¬ 
tegrity of the count or weight, the guarantee of tamperproofness, as well 
as the preservation of quality and appearance. 

Consumer Appeal . Furthermore, the package is important as a first 
sales aid by its attractiveness, by its presentation of a trade mark or 
design, or, if it can be seen, by the appeal of the product. The package 
becomes an aid to repeated sales by its maintenance of identity at the 
point of use, by its convenience in use, and by its delivery of a good 
product. 

All of these elements are now used by companies who have broad mar¬ 
kets and who wish to establish themselves with the final user, whether 
their products are metal parts, foods, drugs, cosmetics, chemicals, elec¬ 
trical goods, novelties, or any of the many types of products made and 
sold in our present economy. 


New Materials and Methods 

Today all industry is offering the benefits of its wartime accelerated 
research and development programs, and the result is new processes, 
machines, materials, and improved packages. Likewise, the package user 
whose wants have not been completely filled for the past many years 
is now interested in reducing costs, improving the appearance and 
function of his packages, and marketing new products. The net effect is 
that all forms of packaging are showing the results of these trends, par¬ 
ticularly in the increased use of plastics materials. 

Paper . Packaging still depends upon paper—alone, coated, laminated, 
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printed, and combined with other materials—to perform most of its 
tasks and functions. Processes for printing and coating as well as the 
manufacture of the base materials are being improved by the inclusion 
of plastic resins as sizings, adhesives, coatings, vehicles, modifying agents, 
and paraffin wax additives. The result is papers with more durability, 
better preservation factors, stronger heat seals, and better finishes for all 
purposes. By the use of adhesives which are wholly or in part made 
from synthetic resins, bags, fiber cans, fiber drums, shipping cases, multi¬ 
wall bags, and other strong paper containers have been greatly improved. 

Coatings . The metal can industry has benefited by improved coatings 
which supplement tin, e.g., in beer cans, and allow a reduction in the 
use of this metal or eliminate its use entirely for many purposes. The 
glass industry is using more and more printing directly on the glass 
container, with resins or vitreous coatings which are attractive and as 
enduring as the glass itself; or it uses labels which are adhered to the 
glass by a special resinous coating which is capable of being activated by 
heat. The closures for glass containers are being improved by the inclu¬ 
sion of synthetic resins as coating materials for the liner or by the 
use of heavy sections of resilient plastics. Likewise, the cap itself can be 
made of an increasing number of different materials which are more 
decorative and more protective than those heretofore available. Flexible 
metal tubes are using synthetic resins and plastic coatings to increase 
their chemical resistance and durability of the printed exterior surfaces 
and to protect the interiors from corrosion. In many of the uses men¬ 
tioned, the synthetic resins and chemicals lose their identity; and, while 
they are not striking examples of the uses of these materials, they should 
not be underestimated because of the large tonnage required to satisfy 
these requirements. 

Plastics . However, nowhere is progress more noticeable than in the 
direct use of plastic or transparent materials to fabricate a package or 
to be its exterior surfaces. Plastic and transparent materials below 
0.003-in thick are generally defined as “film/' and those of greater thick¬ 
ness as “sheeting.” The most popular film is, of course, cellophane, 
which continues to dominate the field and is finding expanding uses 
as carton over-wraps or as bag material, both printed and unprinted. 

Next in importance is cellulose acetate, which is useful because of its 
dimensional stability towards humidity changes and so has found wide¬ 
spread use for printed bags and envelopes where moistureproofness is 
not required, or as laminated film over printed paper or metal foil for 
labels, wrappers, bags, and many other uses. Cellulose acetate as a bag 
or a wrapper is finding some applications for fresh green vegetables and 
fruits because of its ability to transmit readily most gases as well as water 
vapor. 
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The remaining films, such as those based upon rubber resins, other 
cellulose derivatives, vinylidene chloride, and polyethylene, are all find¬ 
ing increasing uses for particular applications where their physical or 
protective qualities are necessary. These uses include liquid type pack¬ 
ages; carton, drum, and shipping bag liners for chemicals and abrasive 
materials; and many other highly specialized applications. In this group, 
polyethylene appears to be making the most rapid progress since it is 
low in cost and has outstanding properties and functions. In nearly 
every case, heat-sealing is the preferred method of fabricating these 
films. 

In the heavier gauges, and particularly the transparent resins, there 
are increasing markets for rigid containers of various forms and shapes. 
Construction of these containers has been given impetus by the develop¬ 
ment of machines which turn them out automatically and at good speeds. 
Most of such containers are used for their decorative value. 

Many synthetic resins are formed by injection or compression mold¬ 
ing or by drawing processes into smaller packages of a multiplicity of 
colors, shapes and sizes for the packaging of jewelry, novelty items, cos¬ 
metics, drugs, and many other products which require an attractive, 
reusable, and durable package and where cost is not a limiting factor. 

In the flexible packaging field, which includes bags, envelopes, fold¬ 
ing cartons, and similar nonrigid package forms, there is a continuing 
trend towards improving the strength and efficiency of seams and seals; 
improving preservation factors, such as moistureproofness and grease¬ 
proofness; and towards making possible the packaging of liquids and 
the use of inert gases for preservation of fatty materials. All of these 
improvements are feasible because of new coatings, laminations of plastic 
films, and by improved fabricating and heat-sealing means which in¬ 
crease the package efficiency. An excellent example of a new and special 
requirement which was developed and became commercial is the use of 
a strong heat-sealable plastic film, as a bag for uncolored margarine. The 
film is a mixture of vinyl chloride and a Buna N type synthetic rub¬ 
ber which is heat-sealed into a bag. Held within this bag is a color cap¬ 
sule which, when broken by pinching from the outside, allows the 
product to be colored by kneading the bag and its contents. The plastic 
film's tensile strength and toughness tend to return the bag to a smooth 
shape after the coloring operation has been completed. This is a 
spectacular example but one which is indicative of the capabilities of 
plastic films when fabricated by heat-sealing means, and which allows 
full advantage to be taken of the film properties. 

Improx)ed Packaging Machinery . Supplementing the new materials 
are many improvements in machinery and the means of producing 
packages. The present trends in packaging machinery arc towards higher 
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speeds, improved efficiency, the inclusion of electronic devices, and the 
ability to handle the newer resins and films. However, as a result of a 
continuing trend toward single use or smaller size of packages with 
improved preservation qualities, many machines are being made to 
form, fill, and seal the package. There appears to be a continuation 
of the wartime interest in packaging for the preservation of metal 
parts of all kinds, with added interest in combining preservation with 
a simplified means of inventory, display, and merchandising for preci¬ 
sion and nonprecision metal parts of all types. For this, synthetic films 
such as polyethylene appear to be ideally suited and have been finding 
increasing acceptance. 

Food Packaging. Meanwhile, a great deal of development and re¬ 
search continues to find improved, simplified, and automatic means for 
handling frozen food packages, and to perfect methods of packaging 
fresh fruits and vegetables so that they may be brought to the consumer 
trademarked at the peak of ripeness and on a 100 per cent usable basis. 
However, this problem involves more than packaging since produc¬ 
tion, distribution, and transportation will have to be integrated to 
achieve the final result. The problem is complicated by the varied 
metabolic requirements of fruit and vegetables, and at present it is not 
possible to package and preserve many of these foodstuffs at the farm. 
Today produce packing is extensively practiced for convenience and 
display rather than for preservation, and it is usually done not too far 
from the point of sale. 

Conclusion 

Along with improvements in machines, packages, and materials, there 
has been a growing recognition of the need for a scientific and engi¬ 
neering basis of packaging. The expanding use of synthetic resins and 
many of the other products of the chemical industry, the complexity 
and high level of functions required by many of today's products, have 
made it necessary for scientific and engineering methods to be used 
in the development, evaluation, and production of packages. In view 
of the present situation and trends in this country, packaging should 
be redefined so that it may now be stated that: “Packaging is a low 
cost, convenient, and protective means of distributing and merchandis¬ 
ing a product." 
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FREEZE-DRYING* 


Earl W. Flosdorf 

Director Research and Development, F . J, Stokes Machine Co., Philadelphia, Pa. 


In freeze-drying, the process of drying by sublimation, the product is 
first frozen then sublimed under high vacuum—that is, the ice evapo¬ 
rates without melting. The solids contained in the original product 
retain the shape of the original frozen product ancl there is little overall 
reduction in volume. The water vapor in the high vacuum is continually 
removed by any one of three methods: a cold condenser may freeze out 
the water vapor in the form of ice; a chemical desiccant may remove it 
by chemical reaction; or a vacuum pump may pump all of it out into 
the atmosphere. Freeze-drying can take place without a vacuum, but the 
process would take far too long to be useful. By means of a vacuum 
pump, the air molecules are removed so that the sublimed water vapor 
molecules can travel rapidly to the cold condenser, the desiccant, or 
through the pump. Where a vacuum pump only is used (without cold 
condenser or desiccant), it must be sufficiently large to remove all the 
water vapor as well as air. 

The method chosen for the removal of water vapor depends upon 
many factors of specific application, e.g., whether laboratory scale of 
operation or full production, the type of product being dried, and the 
like. For large installations, a cold condenser is usually best. In this case, 
the condenser is cooled by ammonia or 14 Freon*' refrigeration. In some 
smaller installations, “Dry Ice** may be used to cool the condenser. 
Gryochemf equipment utilizes a desiccant and is useful in laboratory 
operation; moreover it can be operated in far-away and remote locations 
such as China, India and Africa where “Dry Ice** is unavailable. 

The temperature at which the products must be dried is, of course, 
below freezing; how much below freezing depends entirely upon the 
nature of the specific product. In any case, heat is added to compensate 
for the loss of latent heat of evaporation and must be supplied rapidly 

* E. W. Flosdorf is the author of "Freeze-Drying: Drying by Sublimation," New 
Vork, Reinhold Publishing Corp., 1949. 

t From the Greek kryo = "cold," "frost," and chem from "alchemy." 
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enough to speed the process without causing the material to melt. 
Average temperatures for drying are in the range of —15 to — 35 °C. 
This corresponds to a range of vapor pressures from about 180 to 1300 
microns on a McLeod gauge. The cold condenser, chemical desiccant, 
or vacuum pump must provide a vapor pressure lower than that corre¬ 
sponding to the ice being sublimed in order to create a driving force. 

Drying by this process avoids the danger of destroying the desired 
therapeutic properties of serum, blood plasma, penicillin and other bio¬ 
logical products. In addition, many chemicals and pharmaceuticals are 
dried this way in order to improve their rate of solubility. Considerable 
research has been carried out on sublimation drying of a variety of com¬ 
mercial materials—including fruit juices, milk, fish and meat—and the 
process and equipment have been streamlined to the extent where the 
resulting products may soon appear on the market. 


Advantages of Freeze-Drying 

The specific advantages of freeze-drying are numerous, and explain 
the widespread application of this method in industry. 

(1) The temperature is below that at which many labile substances 
undergo chemical change. This applies to labile components in blood, to 
viruses and most forms of microorganisms and to other biologicals and 
pharmaceuticals. 

(2) Because of the low temperature, the loss of volatile constituents 
is minimal, which is particularly important with many foods like orange 
juice and pineapple juice. 

(3) Since the product is frozen, there is no bubbling or foaming, which 
in some cases causes changes due to surface action, e.g., the surface de- 
naturation of proteins which occurs in drying their solutions under 
vacuum, even at low liquid temperatures. 

(4) As the frozen solvent sublimes the solute remains evenly dispersed 
and distributed without undergoing concentration, and the remaining 
dry residue emerges as a highly porous solid framework. It occupies 
essentially the same total space as the original solution did and the final 
residue is not the fine powder with which the chemist is most familiar. 
It consists of a friable, interlocking, and sponge-like structure. As a result, 
solubility is extremely rapid and complete. For example, gelatin dried 
from a solution which had to be prepared in the first place by boiling 
becomes instantly soluble in cold water. 

(5) Since the molecules of solute are virtually “locked” in position in 
this way, the tendency for coagulation of even lyophobic sols is minimal. 
Even though the lipoidal constituents of dry blood plasma do not recon¬ 
stitute perfectly after drying and produce a slight degree of turbidity, 
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there is far from complete coalescence. The particles are small enough 
to be safe for intravenous injection and do not cause capillary embolism. 

(6) During drying, the surface of the evaporating frozen ice layer grad¬ 
ually recedes to leave more and more of the highly porous residue ot 
solute exposed. As a result, “case-hardening” never occurs. A far lower 
content of moisture may be obtained in the final product without the 
use of excessively high final temperature. Because of this lower moisture 
content, a greater degree of stability results than with any other method 
of drying. 

(7) Bacteriological growth and enzymatic changes cannot take place 
under conditions of freeze-drying. This is important for foods as well as 
medical products used in parenteral injection. The final fully dried 
product likewise resists bacterial growth and enzymatic action. 

(8) Because of the high vacuum used, in contrast with the degree of 
pressure used in ordinary low-temperature liquid evaporation, the 
amount of oxygen present is so extremely small that even the most 
readily oxidizable constituents are protected. 

For these reasons listed above, freeze-drying has become a major drying 
process in the biological and pharmaceutical industry. The detailed his¬ 
tory of the development has been recorded, and a complete bibliography 
given. 1 Long ago, substances were dried in an ice-box, and early in this 
century this procedure was combined with drying in a vacuum chamber. 
However, within the last ten or fifteen years it has been recognized that 
the process could be applied industrially and improved products would 
result by the establishment of proper vacuum conditions for the removal 
of water vapor and by the rapid application of heat to the frozen prod¬ 
uct, rather than by keeping it in an ice-box. The final dried product is 
raised to a temperature well above 0°C, and often as high as 60 or 70 °C, 
in order to reduce the final content of moisture to a minimum. 


Two Stages of Drying 

There are two stages in drying by sublimation. In the first, ice is evap¬ 
orated from a frozen mass. In the second, moisture is removed from the 
final dry solid to lower the residual content to a minimal level. During 
the first stage, depending upon the particular product, about 98 to 99 
per cent of all water is removed. In the second, the residual moisture 
content is reduced to 0.5 per cent of the final product or less, which 
represents final removal of 99.95 per cent of the original content of 
water (assuming 10 per cent solids originally). In the first stage, tempera¬ 
tures are well below 0°C. As the process gradually passes into the second 
stage, the temperature rises and finally reaches that of the room or 
higher, according to the heating means used. 
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Containers for Medical Products 

Medical products are generally dried in the final containers used for 
market distribution, although this increases the cost of drying. Wherever 
the products are used for parenteral injection, this is a safer procedure, 
because representative bacteriological sampling can be carried out more 
accurately with liquids than with solids. Accordingly, when the final 
containers are filled with liquid and sampled for test before freezing and 
drying, there is greater certainty that products and containers arc sterile 
than when sampling is done after the dried product has been weighed 
and distributed to the containers, although the latter can be done. 


Bulk Drying 

For many purposes, it is desirable not to dry in the final ampoule. 
This is the case in carrying out desiccation of products as part of a 
general processing in which the final product is not stored or distributed 
in dry form, as, for example, serum albumin. Similarly, labile substances 
may be concentrated in this fashion for other purposes. Either special 
stainless steel sterility pans with lids designed to keep out microorgan¬ 
isms, or large glass or metal bottles, may be used. Bottles may be placed 
either on a manifold or within heated vacuum chambers. Foods, of neces¬ 
sity, must be dried in bulk. 


Rapid Drying Cycles 

It is self-evident that water vapor must be carried off quickly in order 
to effect rapid drying. By means of modern apparatus this is readily 
accomplished. An adequate condenser with proper surface temperature 
to form ice, or a steam ejector designed for correct pressures (in either 
case, having sufficient capacity in relation to the volume of products to 
be dried), can be specified for as favorable a ratio as is desired. On the 
basis of removal of water vapor alone, there is no physical limitation 
with regard to speed of drying. The controlling factor is one of rate of 
supply of heat for rapid evaporation in order to maintain the vapor 
pressure of the frozen product at the optimal point. 


Drying and Starage Changes 

Changes in desiccated products may be considered on the basis of 
chemical and physical alteration, immunological change, loss of viability 
of living organisms, and loss of other characteristics of biological activity. 
These are considered in detail elsewhere. 1 
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Of the various chemical substances that have been studied following 
desiccation from the frozen state, perhaps proteins have received the 
most attention. Generally, no chemical alteration detectable by ordinary 
methods occurs during drying of these substances. Electrophoretic pat¬ 
terns of plasma dried by sublimation have presented a normal appear¬ 
ance with normal values. If the proper degree of dryness has been at¬ 
tained, changes do not occur during subsequent storage for reasonable 
periods. Fats show no chemical change during drying, but undergo 
oxidation on storage and tend to become rancid if oxygen is not entirely 
excluded, even when the product is completely and properly desiccated 
and kept in a moisture-free condition. Hydrolysis also occurs slowly. 
Other chemical substances have not been studied extensively, but in 
general this method of desiccation is as gentle as any and is far less likely 
to produce changes in labile substances. Because the final moisture con¬ 
tent can be reduced to such a low level without harm to the product, 
greater stability of dry product is obtained than by any other method. 
Reduction to such a low content of moisture by other methods usually 
results in loss of activity or solubility or other characteristics, and is 
therefore not practicable. 

Physical alteration tends to occur rather readily in the case of lyophobic 
sols as a result of desiccation. This accounts for the precipitation of 
lipoidal substances referred to previously in connection with human 
serum and plasma. It occurs to a lesser degree with rabbit-serum and is 
not noticed with horse-serum. Likewise many bacterial suspensions, unless 
adequately protected with a colloidal protective agent, such as milk, do 
not resuspend properly when reconstituted. Other substances, such as 
lyophilic protein, have remarkable properties of rapid and complete 
solubility, even after storage for years. The solubility characteristics of 
many products are increased remarkably as a result of drying by sublima¬ 
tion. Most notable of these arc gelatin and vitamin B preparations. 

Immunologically, little change in cither serum or antigens is observed. 
Crystallized egg-albumin has been kept, after desiccation of aqueous solu¬ 
tions from the frozen state, for four and five years without noticeable 
change in antigenic specificity. Immune sera undergo no detectable loss 
in titer following processing or storage for years at room temperature. 
Perhaps as sensitive an index as any is the complement activity of guinea- 
pig serum. Complete and proper drying of this product not only results 
in no loss of activity but also maintains the complement in stable form 
for a period of years. By the addition of a stabilizing solution, consisting 
of sodium acetate and boric acid, to guinea-pig serum before drying, a 
product is obtained which keeps well and which is stable without ap¬ 
parent loss of potency, for a period of several days following restoration. 
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In small hospitals and laboratories, this factor adds to the convenience 
of use of desiccated complement. 

There is a loss of C0 2 during processing of serum, but the resulting 
increase in pH has no effect on its complement activity. Restoration with 
acid or buffer is unnecessary. The alkalinity of reconstituted human 
serum or plasma does not cause reactions; it is unrelated to turbidity. 
As indicated above, the lyophobic lipoidal constituents arc the cause of 
turbidity and do not render the product unfit lor injection. 



Figure 1. Cryochem-type equipment for desiccating from the 
frozen state. A regenerate desiccant comprising mostly calcium 
sulfate (Drierite) with a small amount of silica gel (for a small 
amount of vapors other than water) contained in baskets within 
the white tank. The manifold is shown with outlets to which in¬ 
dividual containers for drying are attached. At the end of dry¬ 
ing, the glass tubes attaching the containers to these outlets 
are sealed by fusion with a flame. 

Turbidity, however, does cause difficulty in carrying out precipitation 
reactions, as with rabbit-precipitin or in diagnostic tests for syphilis. 
This has been a drawback to the use of dry standardized syphilitic human 
serums for calibration or standardization of diagnostic test-procedures. 
These sera could facilitate standardization of test results in different 
laboratories. The difficulty with lipoids may be overcome by double 
processing by means of intermediate Seitz filtration. At the time of filtra¬ 
tion of the reconstituted serum, following the primary drying, the titer 
of the serum may be adjusted by dilution to a desired point. It is then 
dried for the second time. The final dry product accordingly has a pre¬ 
determined definite titer. 
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In the case of many viruses, there is a loss in activity as a result of 
processing, but the final desiccated product is well stabilized and no 
further loss occurs during storage. Viruses are in general more difficult 
to dry than other substances. The temperature must be maintained quite 
low during desiccation, preferably well below — 20°C. The percentage 
of viable cells remaining in cultures of bacteria after desiccation from 
the frozen state is as low as 5 per cent, but the surviving cells keep well. 
The initial survival may be materially increased by using a protective 
protein, such as milk. The biological activity of many other substances, 
such as enzymes, penicillin, certain hormones and vitamins, and other 
labile substances is maintained without loss both during drying and 
subsequent storage. 

Equipment 

For laboratory work, the capacity required is usually small and either 
“Dry-Ice” low-temperature condensation or chemical methods for removal 
of water may be used. Bottles of material may be placed on a manifold 
or in a drying chamber. Figure 1 illustrates one type of manifold with 



Figure 2. Typical medium-size plant for blood plasma and similar products. (See text for de¬ 
scription.) 


supporting racks lor containers; the manifold is attached to a cryochem 
chamber containing regenerate chemical desiccant. When drying cham¬ 
bers are used, they must be equipped with some means of heating because 
of the vacuum insulation of the containers from the atmosphere. 
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For larger-scale operation producing blood plasma and similar prod¬ 
ucts, drying chambers are more satisfactory. They can be used in con¬ 
junction with any one of several methods for the removal of water vapor. 
The use of “Dry-Ice,” however, will generally be found to be unneces¬ 
sarily expensive. A well-designed type of mechanically refrigerated low- 
temperature condenser is recommended, either “Freon” or ammonia re¬ 
frigeration being used. A plant of this type is illustrated in Figure 2. 
Two different size drying chambers are illustrated, with the hot-water 
circulating system for heating. The large vapor condenser can be seen 
in the foreground suspended from the ceiling. Vacuum pumps are shown 
at the extreme right. The refrigeration compressors are located in another 
room. 

Full consideration of equipment for commercial-scale production and 
engineering details are discussed elsewhere. 1 In brief, drying chambers 
of suitable size are used, with steam ejectors or mechanically refrigerated 
low-temperature condensers. Steam ejectors must be either four- or five- 
stage. The choice between steam ejectors and mechanically refrigerated 
condensers is made on the basis of the relative cost and availability 
of electricity for refrigeration, and of high-pressure steam and low- 
temperature cooling water for the ejectors. Large quantities of steam 
and water are required for the latter. Processing with either type of 
equipment is convenient and gives the same type of product when proper 
conditions are set up. 

Conclusion 

Fifteen years ago, the freeze-drying process as such was unknown, and 
prior to that time it was a laboratory curiosity. Today, there are hun¬ 
dreds of laboratory installations, including “homemade” and specially 
designed equipment. Almost every major pharmaceutical manufacturer 
utilizes the process for some commercial operation. This serves as an 
index of the rapid progress which has been made in the development 
of freeze-drying. 
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SOME PHYSICOCHEMICAL ASPECTS OF 
MARGARINE MANUFACTURE 


H. W. Vahlteich 

V. Pies, of Research and Quality Control, Best Foods, Inc,, New York, N. Y, 


In a smoothly operating large-scale margarine manufacturing operation 
there lie hidden a host of variables, nicely and smoothly adjusted to each 
other and unnoticed by the casual observer. This is true of many large- 
scale operations and tends to belie the tremendous amount of study and 
research conducted by the operators and the technical staffs over a period 
of years. No well-working margarine manufacturing operation comes 
suddenly into being. Bacteriologists, chemists of various trainings, engi¬ 
neers and experienced operators are all links in the chain. To say that 
any one specialist is more than partly responsible for such an operation 
is fallacious, but it can be said with confidence that the physical chemistry 
involved is fundamental to most phases of the operation. 

Early Developments 

To appreciate the problems of manufacture it is desirable, and even 
necessary, to approach the subject historically, as well as from its chem¬ 
ical and engineering aspects. Margarine manufacture has now reached 
the ripe old age of 80, reckoned from Meg&Mouric// early attempts to 
make the product in the late 1860’s. These and the history of margarine 
manufacture before 1880 have been cited so frequently 1 ^ that simple 
reference to them will satisfy the reader interested in modern margarine 
manufacture. Generally speaking, for some time prior to Storch’searly 
work on the culturing of milk around 1890, nothing of any great im 
portance took place to influence modern margarine manufacture. This 
statement is not to be taken too literally because by 1886, at least in the 
United States, margarine manufacture had attained sufficient importance 
to be influenced by political events. In that year, in the United States, 
there was enacted by Congress the Oleomargarine Act of 1886, the first 
of the discriminatory anti-margarine laws, which at least indicates that 

673 



674 


COLLOID CHEMISTRY 


the volume of margarine sold in the United States, although small by 
present standards, was sufficient to attract political attention. 

Storch's work on the fermentation (culturing) of milk for butter manu¬ 
facture did, however, have a tremendous influence on margarine tech¬ 
nology because it introduced bacteriological control of flavor develop¬ 
ment. This phase of margarine manufacture has merited and received 
considerable attention, e.g., the work of Hammer and his associates at 
Iowa, 7 to be followed in the late 1920's by the work on the flavor ketones 
by van Niel et al ., 8 Schmalfuss, 9 and many others. 

Chronologically, there appeared about 1900 another development, 10 
namely the introduction of the use of egg yolk as an emulsifying agent, 
which is of importance for a number of reasons. Egg yolk was presumably 
used simply to keep margarine from spattering in the frying pan. It was, 
therefore, the forerunner of vegetable-origin lecithin, of which more will 
be said later. Egg yolk never proved very popular for the above purpose 
because of its high cost and because it rendered the margarine containing 
it more susceptible to bacterial inroads than the product not containing 
it. Nor were the more refined egg-yolk products, such as that described 
by Steudel and others, 11 sufficiently superior in these respects to replace 
egg yolk permanently. 

Hydrogenation and Deodorization 

Going back now to the turn of the century, there were two techno¬ 
logical developments affecting the principal constituent of margarine, 
namely margarine oil.* These were the solidification of limpid oils to any 
desired melting point by hydrogenation and the development of “deodori* 
zation.” The former resulted from the scientific discovery by Sabatier and 
Senderens 12 that unsaturated organic compounds could be hydrogenated 
in the presence of a catalyst and the application of this discovery by 
Normann 13 to glyceridic oils. Deodorization of glyceridic oils evolved 
somewhat gradually, and rather few references are to be found in the 
scientific and patent literature on the details of its evolution. These 
developments are of such great significance in margarine manufacture— 
its physicochemical and other aspects—that it is well worth the time to 
consider them in some detail. 

Weber and Alsberg 14 give an interesting account of the impact of 
hydrogenation of glyceridic oils on the entire industry. They point out 
that prior to the advent of commercial hydrogenation, the amount of 
solid fat (edible) products which could be manufactured was dependent 
upon normally solid animal-fat products to a large degree. These were 

* Referred to in the industry as margarine oil rather than margarine fat, probably 
because it is maintained molten for ease of handling until the final stages of margarine 
manufacture. 
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primarily tallow and the solid fractions of grained and pressed lard. The 
liquid fraction of lard or lard oil had a variety of uses (such as for 
illuminating oil and greases) which were being replaced by petroleum 
products and electricity (as well as by illuminating gas), so that the hard 
fraction of pressed lard became increasingly expensive as the uses for 
lard oil passed out of existence. It was in such a tense economic atmos¬ 
phere that the prospect of manufacture of hard fat, in almost infinite 
variety of hardness, from liquid vegetable oils was suggested. It was well 
too, that this was a major problem and its solution attended by heavy 
economic pressure, because the successful commercial hydrogenation of 
glyceridic oils required not only the engineering of new processing equip¬ 
ment, but also a vast amount of scientific and technological research to 
perfect a satisfactory catalyzer and to attain adequate sources of hydrogen 
gas. Indeed, although Normann’s patent was issued in 1902, commercial 
hydrogenation of glyceridic oils was not well on its way for another ten 
or a dozen years, or just prior to World War I. 

Even so, as late as the early 1920’s, so-called “selective” hydrogenation 
was regarded as being of a single type: the selection of the multi-double 
bonds to be hydrogenated to oleic acid (the single double bond) before 
the oleic acid double bond was hydrogenated to stearic acid. The concept 
of selectivity in hydrogenation which would yield a maximum of iso¬ 
olein, in preference to olein, and its application to margarine manufac¬ 
ture did not materialize for perhaps another ten years, as will be reviewed 
later. 

Weber and Alsberg 14 also give an interesting historical account of the 
development of deodorization. From their account, it would appear that 
the origin of the process goes back, possibly 100 years, to steam blowing 
of a variety of fats and fatty acids, gradually increasing temperatures 
being used. Since steam is an inert gas in this operation, it served well 
until applied to edible fats at the temperatures used. This use of higher 
temperatures, plus the dissolved air in glyceridic oils, probably explains 
why a none too satisfactory result was attained in rendering edible oils 
palatable. With the advent of high-vacuum (below 10 mm), steam de¬ 
odorization, a degree of perfection in payability (and stability) was 
attained which made possible the flavor acceptance of edible fat products, 
quite beyond anything accomplished theretofore. 

Broadly speaking then, the advent of hydrogenation of glyceridic oils 
and of their high-temperature, vacuum steam deodorization were well 
nigh simultaneous in the first two or three decades of this century. They 
were probably the two greatest single developments in the progress of 
edible fat technology, although not the only ones. Other changes in mar¬ 
garine processing, included the advent and later near-disappearance of 
coconut oil; the newer techniques of hydrogenation; the development of 
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edible emulsif ying agents somewhat belatedly, following the Harkins- 
Langmuir 15 concepts of interfacial activity; as well as the purely en¬ 
gineering developments in packaging equipment and internal chilling 
units for solidifying the margarine emulsion. These, which have been 
mentioned in their approximate chronological occurrence, and several 
others have a direct bearing on the physical chemistry of margarine 
manufacture. 

Until the early years of the twentieth century, oleo oil and neutral 
lard were widely used in margarine manufacture. Just prior to World 
War I, coconut oil came into use for margarine fat because of its increas¬ 
ing availability, the fact that it could be hydrogenated and deodorized 
very successfully, and because of its physical characteristics. Since about 
the mid-1930’s, it has largely disappeared as a margarine fat. This was 
due to its political disadvantages (in the United States) and the fact that 
its hardness below about 55°F became an increasing drawback with the 
institution of domestic mechanical refrigeration. Its political disadvan¬ 
tage arose from the fact that American farmers were competing with 
foreign fats producers at a time when such competition was supposedly 
injurious to the (American) farmer. Its plasticity range was a challenge 
to the margarine technologist for margarine is a product intended to be 
used as a spread for bread, and when made from coconut oil it was too 
hard to spread under 55° F (below which temperature mechanical re¬ 
frigerators normally operate). Also, it became practically liquid at 75 to 
80°F, and so never maintained its shape in warm weather. 

The experience of margarine technologists with coconut oil, however, 
led to a single discovery from which stemmed, to a major degree, the 
development of modern margarine. Coconut oil came into use, with the 
advent of hydrogenation, not alone for margarine, but as a confectioner’s 
fat. Generally speaking, edible fats may be divided into two groups, based 
on their physical properties, the laurin-myristin group and the olein- 
palmitin-stearin group. The physical properties of these two groups of 
fats are strikingly different, and hence they are not always easily inter¬ 
changeable for specific uses. The laurin-myristin type includes such fats 
as coconut, palm kernel, babassu, tucum kernel, and nmru muru oils - 
all tropical fats. The olein-palmitin-stearin type includes the animal fats 
and the domestic (U.S.) edible vegetable oils, primarily cottonseed, soya 
bean, peanut, and com oils. 

While these two types of fats are interchangeable from the standpoint 
of the calories they furnish, they do possess characteristic differences 
which definitely interfere with their interchangeability for specialized 
uses. Thus, the laurin-myristin fats are characterized by their “quick 
melting,” their “cooling-effect-on-the-tongue,” and their “dryness.” They 
are also regarded as “less oily” than the fats of the other group. Davis lr> 
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showed that coconut oil was a relatively poor shortening compared to 
lard. Indeed, all these curiously expressed properties point to the laurin- 
myristin fats as more desirable for flavoring uses, and hence it is not 
surprising that their principal edible uses are in the light bakery and 
confectionery trades. The olein-palmitin-stearin fats, on the other hand, 
are the cooking and shortening fats, generally characterized by being 
plastic over a much wider temperature range, by higher melting points 
for the solid fats, by a more noticeable oiliness, and by superior shorten¬ 
ing qualities. 

To go much beyond these very general characterizations leads to diffi¬ 
culties, however, because there are individual oils and fats in each group 
which have important properties belonging in the other group and, in 
addition, many fats and oils have characteristic flavors which cast their 
physical properties in a subordinate role. For example, cocoa butter is 
definitely a confectioner's fat but is not in the laurin-myristin group, 
and peanut oil is chemically in the olein-palmitin-stearin group but has 
characteristics which favor its use in the light bakery and confectionery 
trades. Again, olive oil has a flavor which creates for it a specific demand, 
soya bean oil has a flavor which is also characteristic and difficult to re¬ 
move, and animal fats usually have a characteristic flavor which is as 
much liked by some as it is disliked by others. 

Cocoa butter has long been the confectioners' fat par excellence. Its 
properties dominate the salability of products of which it is a part. Its 
strong points are its fine characteristic flavor and the narrow spread be¬ 
tween its setting and melting points, whereas its weak feature is its rela¬ 
tively low melting point. The latter is so crucial that cocoa butter cannot 
be used in candies and coatings in warm summer weather, a detail which 
led to a long series of trial and error investigations, first to improve it, 
and then to replace it by other fats. The separation of cocoa butter into 
soft and hard fractions by hydraulic pressing met with only minor success. 
Hydrogenation cannot be applied to cocoa butter because it does not 
lend itself readily to subsequent deodorization. The hydraulic pressing 
of the laurin-myristin type of fats did, however produce a “cake" or hard 
fraction which made an acceptable substitute for cocoa butter and espe¬ 
cially so after hardening by hydrogenation. Coconut oil can be very 
successfully deodorized and coconut-oil cake had many of the desirable 
flavor and physical properties of cocoa butter, such as “quick melting/' 
“cooling-effect-on-the-tongue,” and “dryness.” It was noticed many years 
ago that cocoa butter had a congealing or setting point much closer to its 
melting point than most other fats in common use at the time. In this 
respect coconut-oil cake resembles it while other hard fats, such as hydro¬ 
genated cottonseed oil, do not. Although this was generally known in the 
early 1920's, it seems that not much, if any, practical application had 
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been made of this fact. However, it was then generally known that while 
the hydrogenation of coconut-oil cake raised its melting point noticeably, 
it was not thereby materially improved in “dryness”—that is, lack of 
oiliness—at summer temperatures. 

The principal disadvantage of pressing coconut oil lay in the yield of 
cake, which was only about 25 per cent, and the difficulty in getting a 
good price for the 75 per cent of soft fraction. Then someone discovered 
that p alm -kernel oil could be pressed like coconut oil, but with a higher 
yield (35 to 40 per cent) of a much better cake. Although the yield was 
improved considerably, a far more important development arose from the 
observation that palm kernel-oil cake was much “drier” than coconut-oil 
cake and much superior to cocoa butter as a coatings fat. Then came the 
observation that this improvement in “dryness” paralleled the setting 
point and not the melting point of the fat. The history of this develop¬ 
ment has been relatively simple since that observation was made—merely 
a matter of finding a laurin-myristin type of fat which had a suitable 
,etting point, and which did not require any pressing operation. This 
was achieved in two steps by means of two palm-type oils of the botanical 
family Astrocaryam, namely, tucum kernel oil, which yields 65 to 70 
per cent of suitable cake upon pressing, and more recently, muru muru 
oil, which requires no pressing but has a suitable setting point and “dry¬ 
ness” as commercially produced. Both of these oils are somewhat im¬ 
proved by hydrogenation and are readily deodorized to a perfectly neutral 
flavor. Both have come to this country from Brazil in recent years. 

The simple discovery referred to above was that the setting point 
(also referred to as the congealing point) of a fat, and not its melting 
point, is the key to its ability to withstand warm weather temperatures; 
and that it is essential that its melting point (Wiley) is sufficiently below 
body temperature (98.6°F) to assure rapid melting (in the mouth) of the 
margarine from which it is made. Very briefly stated, the problem is to 
attain a melting point of 93 to 95°F with a setting point of 77 to 79°F. 
This setting-point range will vary somewhat, but not significantly, de¬ 
pending upon details of hydrogenation procedure. It goes almost without 
saying that these melting-point and setting-point ranges are rather narrow 
and call for considerable skill in hydrogenation as well as for careful 
laboratory control. 

There are two more-or-less classic ideas about the hydrogenation of 
glyceridic oils. The oldest and simplest involved the idea that olein, with 
one double bond, was hydrogenated to stearin by the addition of hydro¬ 
gen at the double bond. Then came the somewhat more complicated 
conception of "selective” hydrogenation which involved the idea of so 
hydrogenating a mixture of olein and linolein as to hydrogenate first 
most or all of the linolein to olein before hydrogenating the olein to 
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stearin. This second concept was well-established in the shortening in¬ 
dustry in the 1920’s. About that time there also began to appear evidence 
of “new acids of hydrogenation”—i.e., fatty acids of glycerides produced 
during and characteristic of hydrogenation; also sometimes referred to as 
isooleic acid. It was discovered that a cottonseed oil, for example, when 
hydrogenated in such a manner as to produce a suitable margarine fat— 
that is, a margarine fat having a melting point well below body tem¬ 
perature with a setting point of about 77°F—must be treated so as to 
produce a maximum of isoolein and that this was not only dependent 
upon the conditions of hydrogenation and the catalyst, but also upon 
the amount of linolein in the starting oil. The higher the linolein con¬ 
tent of the oil to be hydrogenated, the more easily was an adequately 
high setting point achieved without exceeding a melting point of over 
about 95°F. This leads to another concept of the term “selective” in 
referring to such hydrogenation—namely, that the hydrogenation can be 
controlled not only selectively to hydrogenate the linolein first to olein 
and then to stearin, but also to hydrogenate the linolein first to isoolein, 
and then possibly to olein, before it is further hydrogenated to stearin. 
Since isoolein is solid at temperatures at which olein is liquid, such 
selective hydrogenation produces more glycerides solid at room tempera¬ 
ture than if an equivalent reduction in iodine number has been achieved 
by converting linolein to olein as is done in hydrogenating shortenings. 
This, briefly, is an explanation of how and why it is possible to produce 
a margarine fat of satisfactory physical constants from any one or more 
of the four edible domestic vegetable oils available in large quantities in 
the United States—namely, cottonseed, soya bean, peanut, and corn oils. 

In addition to satisfactory performance in warm weather, a margarine 
made from domestic vegetable oils is easily spreadable at 50°F, and so 
offers no difficulties on this score when removed from the refrigerator. 
In fact, it is more spreadable at temperatures below 50°F than are butters. 
In addition, it is entirely the product of the American farm, which aids 
materially in solving some of the political problems involved. 

Essentially it is necessary to hydrogenate “domestic” vegetable oils 
cottonseed oil, soya bean oil, peanut oil, and corn oil in a manner dif¬ 
ferent from that used for hydrogenating these oils for shortening; that is, 
it is the opposite type of hydrogenation. This is the case because in oil 
hydrogenation to produce shortening it is desirable to reduce the “iso¬ 
oleic adds” (their glycerides) to a minimum, while in margarine-oil pro¬ 
duction it is desirable to achieve a maximum of these glycerides. For this 
purpose too, opposites are chosen in the three general fundamentals 
applied to these hydrogenations, namely: (1) hydrogenation processing 
conditions, (2) production of a catalyst of suitable characteristics, and 
(3) the selection of suitable oils for starting stocks. 
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Emulsification 

Chronologically, another involved physicochemical development, and 
one of very practical commercial significance, somewhat preceded the ad¬ 
vent of the newer hydrogenation techniques which made it possible to 
produce an improved margarine from limpid vegetable oils. While this 
development started earlier, it grew to practical fruition more slowly 
than hydrogenation. It was the development of a concept of emulsifica¬ 
tion, of the play of interfacial forces, and the practical steps necessary 
to control and eliminate certain undesirable features attendant upon 
margarine manufacture and distribution. Anyone who can recall mar¬ 
garine in the United States 20 to 30 years ago 17 knows only too well the 
expression “weeping” as applied to margarine. This term was descriptive 
of the inability of the finished product, in the package, to retain its milk 
moisture, especially when made from coconut oil or other similar laurin- 
myristin type oils. The all too frequent result was a moisture-soaked and 
dripping package which led to consumer complaints as well as to short 
weight troubles. It also touched deeply upon manufacturing procedures 
because, although coconut-oil margarine could reasonably be expected to 
retain only 12 to 14 per cent milk moisture, something like twice this 
amount of milk moisture had to be worked out of the chilled margarine 
emulsion before packaging it as margarine. Also, the finished product 
usually retained less than half the table salt used in its manufacture. 

It became important, then, to change the manufacture of margarine 
from processing which involved the removal of one-third to one-half of 
the starting materials and water entrapped in the process, to a starting 
formula which did not eliminate any ingredients and a processing pro¬ 
cedure which added none to be removed. In turn, this meant the elimi¬ 
nation of the old “wet-chilling” procedure and the development of 
emulsifying agents which would prevent weeping. The scientific back¬ 
ground for our modern concepts on emulsification was set by Harkins 
and by Langmuir, 18 - 28 and is described by Harkins in his chapter on 
surface energy in colloid systems in Bogue’s book. 1 '’ An apparently em¬ 
pirical discovery of considerable practical value, involving this concept, 
was published by Luksch in 1922, 2 ' 1 who reported that mono- ami di¬ 
glycerides were very effective moisture-retaining agents when used in 
margarine to the extent of only 0.1 to 0.3 per cent. Luksch’s article was 
brief and did not relate his reported discovery to the Harkins-Langmuir 
surface-energy concepts except in so far as he pointed out that the effec¬ 
tiveness of these agents was apparently proportional to their mono¬ 
glyceride content as distinct from their diglyceride content. This has been 
adequately confirmed and hence it is probably safe to hypothesize that 
the emulsification value anti-weeping effect of monoglyceride prepara- 
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tions is proportional to the number of OH groups in the molecule. This, 
in turn, would mean that the moisture-retaining capacity of mono- and 
diglycerides is proportional to the amount of water-soluble (OH) groups 
in the molecule. 

Meanwhile, in the middle and late 1920’s and early 1930’s, more ex¬ 
perimental evidence was being reported in the literature to build up the 
practical value of the Harkins-Langmuir concept as it applied to mar¬ 
garine manufacture. 24 From about 1925 to 1930, soya bean oil began to 
be produced in sufficiently large commercial quantities and, due to its 
relatively high lecithin content, resulted in the commercial availability 
of soya-bean lecithin.* In the course of a few years, the relatively low 
price of this lecithin made it available for use as an emulsifying agent 
in margarine. This readily oil-dispersible and easily hydrated compound 
has a special usefulness in margarine quite distinct from that of mono¬ 
glycerides. A quantity of y 8 to 14 per cent of commercial soya-bean 
lecithin (60 to 65 per cent total phosphatides) in margarine gives the 
latter very desirable frying properties by eliminating spattering in the 
frying pan. 

It was soon discovered by margarine technologists that these two newly 
available emulsifying agents for use in margarine had separate and dis¬ 
tinct effects in the finished products. Lecithin had little or no capacity 
to prevent “weeping,” while monoglycerides did not prevent serious ad¬ 
hesion of milk solids to the frying pan and only moderately reduced 
spattering. 

Rosenbusch and Reverey 25 published a procedure for estimating quan¬ 
titatively the anti-spattering effect of an emulsifying agent intended to 
reduce spattering in margarine, and the estimation of the effectiveness 
of an anti-weeping agent is easily achieved by simple observation of the 
absence of weeping and the moisture content of the margarine. 

Research in this field also resulted in the development (Harris 21 ) of 
the sodium sulfoacetate derivative of monostearin, which has been suc¬ 
cessfully used to achieve the combined effects of milk moisture retention 
and the reduction of spattering in the frying pan. Harris, in a series of 
patents, has also disclosed a number of other compounds serving either 
one or both of these purposes, requiring only small amounts in mar¬ 
garine. Many more of such compounds are and will in the future be 
available, since the foundation for their development lias been clearly 
outlined. It remains then, for the organic chemist to synthesize harmless 
compounds with a variety of combinations of hydrophylic and lypophylic 
properties. A series of compounds, the monocitrates, recently have been 
suggested for some of these purposes. 2 * 1 Curiously enough, there has never 

* See paper by J. Stanley in Vol. VI of this scries.—/ft/. 



682 


COLLOID CHEMISTRY 


been developed a method of scientific prediction on the basis of which 
a compound with the desired anti-weeping and/or anti-spattering prop¬ 
erties could be worked out on paper, with the assurance that, once 
synthesized, it would be practically operative in margarine. 

By means of the newer emulsifying agents developed in the past 15 to 
20 years then, it is possible not only to produce a margarine which be¬ 
haves well in the frying pan, but also it is possible to start processing 
with all the ingredients in the churn that will be in the finished product. 
This eliminates not only the waste of milk and salt, but also the cum¬ 
bersome bulky equipment and space formerly required. The external 
and internal dry-cooling of the margarine emulsion have practically elimi¬ 
nated the chill vat and similar wet-chilling procedures. 

Cultured Milk 

While margarine in European countries is made with varying propor¬ 
tions of milk and water, American margarines are made with milk or 
skim milk only in the aqueous phase. The Federal (U.S.) margarine 
standard 27 also makes mandatory the culturing of the milk. Quite gen¬ 
erally, cultured skim milk for margarine is cultured to an acidity of 
0.80 to 0.85 per cent acid, calculated as lactic acid. Usually about one 
part of cultured milk or cultured milk plus sodium benzoate and salt 
is churned with four parts of margarine oil. Since soya-bean lecithin, 
monoglycerides and vitamins A and D concentrates are oil-miscible, 
these are commonly dissolved or dispersed in the margarine oil before 
churning. Since lecithin is readily hydrated and since sodium benzoate 
when dissolved in the cultured milk is readily converted to the oil-soluble 
benzoic acid, it is not surprising to learn that there is probably con¬ 
siderable interchange of benzoate and lecithin between aqueous and oil 
phases during the churning operation. In any event, the experimental 
evidence indicates that practically all of the sodium benzoate added to 
the cultured milk is extractable from the fat in the finished margarine as 
benzoic acid and that practically all of the phosphatide has found its way 
into the aqueous phase, as shown in the figures in Table 1. 

Simple microscopic techniques plainly demonstrate that the margarine 
emulsion in the churn is a water-in-oil type; that is, that the milk phase 
is the internal phase. This is readily confirmed by the easy miscibility 
of the emulsion with oil (and its immiscibility with water). While it is 
difficult to produce equally acceptable evidence of this nature on the 
finished (solid) product, owing to the practically instantaneous chilling 
over the chill roll or in the “internal” dry cooling equipment (especially 
with the added emulsifying action of agitation during chilling), it seems 
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almost certain that the finished margarine is simply a solidified “water- 
in-oil” type of emulsion. 


Table 1. Benzoic Acid and Lecithin in Margarine 


1. Whole margarine* 

Benzoic Acid Found 
Calculated as % 
Sodium Benzoate 

0.07 

2. Margarine oil [separated from (1)] 

0.06 

3. Margarine oil treated with 0.16% lecithin (before 
churning) 

% Lecithin Found 
by Analysis 

0.16 

4. Margarine oil separated from margarine made 
with (3) 

0.01-0.02 

* Sodium benzoate added to cultured milk before churning. 

Addition of Vitamin A 



In the United States practically all margarine is fortified with vitamin 
A to the extent of over 15,000 U.S.P. XIII units per pound. Here again 
the control for maintaining this unitage is based on a physical measure¬ 
ment by means of the spectrophotometer, adequately supported by bio¬ 
assay tests. The procedure, while simple in principle, requires careful 
sampling, as well as painstaking care in the laboratory. It consists of a 
spectrophotometric comparison of the identical margarine oils jtist before 
and after the addition of vitamin A with adequate agitation to insure 
uniform distribution of the vitamin A-bearing ingredient. Confirmatory 
bioassays are made in advance on the vitamin A-bearing addition and 
also subsequently on the finished product but, owing to the time required 
for bioassays, the day-to-day control of the vitamin A content of margarine 
must be carried out by spectrophotometric: procedures. When margarine 
is colored with carotene the spectrophotometer is also employed for 
examination. 

The Beckmann instrument is probably the most widely used for the 
routine control of vitamin A in margarine, although other spectropho¬ 
tometers are also in use. Before the advent of the Beckmann instrument, 
the Hilgcr spectrophotometer was used and in the early 1930's, the earlier 
Hilger Vitametcr found some application in control work. 


Conclusion 

Summarizing briefly then, the development of the margarine industry, 
from a technological standpoint, has been the most rapid in the entire 
history of the product since about 1930. While this was made possible, 
in part, by the advent of hydrogenation and modern dcodori/ation 
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methods which came into being about the turn ol the century, the most 
striking changes came some time after the Harkins-Langmuir concepts 
involving the physicochemical aspects of emulsification and their applica¬ 
tion. The latter, followed by additional mechanical handling de¬ 
velopments in manufacture, not only made the finished product more 
satisfactory for consumer use, but also made possible vastly improved 
manufacturing procedures. 
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CHEMICAL WARFARE 


Duncan MacRae 

Technical Command , Army Chemical Center , Md. 


In 1931 Jerome Alexander 1 listed the principal chemical warfare mate¬ 
rials substantially as follows: 

War Gases. Mustard, lewisite, chloroacetophenone and bromobenzyl- 
cyanide. 

Signalling Smokes. Red “paratoner”; yellow, chrysoidine plus aura- 
mine; blue, indigo; purple, indulin; and green, auramine plus indigo. 

Screening Smokes. Phosphorus; sulfur trioxide (oleum); chlorosulfonic 
acid; tin, silicon, and titanium tetrachlorides; ammonium chloride, and 
zinc chloride (made by the interaction of zinc and carbon tetrachloride 
or hexachloroethane). 

Irritant Smokes. Diphenylchloroarsine and diphenylaminechloroarsine. 

Incendiaries. At that time incendiaries and flame-thrower fuels were 
held in so little esteem that they were not mentioned. 

Weapons. Livens projector, 4-inch Stokes mortar, 4.2-inch chemical 
mortar and chemical artillery shell. 

Gas-Mask Components . Activated charcoal and aerosol filters. At that 
time Alexander painted out that the colloid-chemical aspects of chemical 
warfare included the use of aerosols in the form of toxic, screening, and 
signalling smokes and that the principal functions of the gas mask were 
to filter out aerosols and adsorb toxic: vapors. Thus, a great part of the 
technique of chemical warfare was then based on the principles of 
colloid chemistry. 

It is the purpose of the present paper to indicate the important pub¬ 
lished contributions of colloid chemistry to chemical warfare in the 
period from 1931 to 1949. During this period tremendous advances in 
the field of chemical warfare were made. War gases, including irritant 
smokes, were used to a comparatively small extent by the Italians in 
Abyssinia. 7 Signalling smokes were important and were widely used in 
combat. 1 * Screening smokes were employed on a scale never dreamed 
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of before in operations in both Europe and the Pacific. 41 * They were of 
great value in connection with landing operations, they greatly reduced 
losses in loading and unloading supplies at the docks, and were effective 
in preventing the success of Kamikaze attacks by Japanese aviators. 411 
The war economy of Japan had already been wrecked by incendiaries 
two months before that country’s surrender, 41 and flame throwers greatly 
accelerated the advance of MacArthur’s troops northward by overcoming 
very effective resistance by Japanese fortifications of the bunker type. 4 # 
These great successes in chemical warfare were due in no small measure 
to the application of the principles of colloid chemistry by military and 
civilian scientists. The new chemical warfare materials and related de¬ 
velopments in colloid chemistry are discussed below. 


War Gases 


In the field of war gases, the following compounds, not included in 
the 1931 list, have been mentioned in authoritative publications 2 * 4 * 1 as 
substances considered in preparations for gas warfare: nitrogen mustards, 
N(C 2 H 4 C1) 3 ; fluoroacetates, CH 2 FCOOCH, and CtLFCOONa; diiso¬ 
propyl fluorophosphate, (z'-PrO) 2 POF. In addition to these, the two war 
gases, hydrocyanic acid and cyanogen chloride, which had seen some 
use in World War I, were perfected for use in World War II. These 
compounds and other war gases are of interest to colloid chemists on 
account of their chemical action on the colloidal components of living 
organisms. 

It has been found that tris (beta chloroethyl) amine undergoes cycliza- 
tion in aqueous solution to form the quaternary imonium compound 
(C1C 2 H 4 ) 2 C 2 H 4 N + C1”. The following is quoted from Chapter XXXVI of 
“Advances in Military Medicine” 2 : 

“Whereas the original tertiary amine is a relatively nonreactive product 
and, indeed, except for the property of cyclization may be said to be 
chemically inert, the quaternary imonium compound with its ethyleni- 
monium ring is one of the most reactive of organic chemicals. So reactive 
is it that reaction occurs readily even with water, in the following 
manner: 


CH2CH2 
+ N—CH2CH2CI -f H2O - 
"cHgCHaCl 


CH2CH2OH 


* N—CH2CH2CI + H + 

\ 

CHsCHjCl 


If substances other than water are present they can react competitively. 
So reactive are some compounds that in their presence reaction with 
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water is negligible. As examples of compounds of biologic importance 
that readily react with the ethylenimonium ring of the nitrogen mus¬ 
tards may be mentioned the a-amino, imidazole, sulfide, phenolic, 
e-amino, and imino groups of amino acids and peptides; inorganic phos¬ 
phate, as well as glycerophosphate and hexose phosphates; the amino 
groups of adenosine and thiamine; and the pyridino-N of nicotinic acid 
amide and pyridoxine. In addition, reactions have been demonstrated 
to occur with proteins such as hemoglobin, insulin, gelatin, crystalline 
egg albumin, tobacco mosaic virus, ovalbumin, and protamine, as well 
as various purified enzymes. Thus it appears likely that the basis of the 
systemic toxicity of the nitrogen mustards resides in the high chemical 
reactivity of the ethylenimonium ring. 

“The information afforded the chemists by the nitrogen mustards was 
the necessary tool for the elucidation of the chemistry of the sulfur 
mustards. Thus, in aqueous solutions sulfur mustard readily forms a 
sulfonium ring as follows: 

CH 2 CH 2 C 1 CH2CH2 

s' -♦ +S^"^ + CI- 

\ \ 

ch 2 ch 2 ci ch 2 ch 2 ci 

The ethylenesulfonium ring is even more reactive than the ethyleni¬ 
monium.” 

In searching for the explanation of the basic mechanism of action of 
the fluoroacetates, attention was directed to their effects on the inter¬ 
mediary metabolism of carbohydrates. It was suggested that their specific 
action was to block the oxidation of acetate itself by competitive inhibi¬ 
tion of the enzyme systems on which the utilization of acetate is de¬ 
pendent. While no fiuoroacetate qualified as a war gas, sodium fluoro- 
acetate was an outstanding success as a pesticide . 2 * 1 

Reports indicating that quantities of an alkyl derivative of fluoro- 
phosphoric acid had been prepared in Germany led to the preparation 
of diisopropyl fluorophosphatc in England. It has the property of reduc¬ 
ing cholinesterase activity. It has been shown that rabbit and human 
serum, red cells and tissues, especially those of the liver, contain an 
enzyme that accelerates decomposition of fluorophosphates. 8a 

The classical observation that methcmoglobin can combine with and 
thus effectively remove cyanide from its combination with cytochrome 
oxidase was amply confirmed. 2 ^ 

The study of the mechanism of action of lewisite led to the discovery 
that a certain chemical compound could be used to prevent injury by 
vesicant arsenicals. That compound is 2 , 3 -dimercaptopropanol and is 
known as BAL (British anti-lewisite). When the skin or eye of an animal 
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had been contaminated with lewisite, the application of an ointment 
containing BAL was very effective in minimizing the damage. The mech¬ 
anism of its action is believed to be due to the fact that the —SH groups 
of BAL compete for the arsenic that would otherwise combine with 
similar groups in body proteins. 20 


Screening Smokes 

The principal addition to the list of screening smokes since 1931 is 
fog oil, a high-boiling petroleum fraction. 011 Its success was due to the 
applications of the principles of colloid chemistry. With the aid of the 
Mie theory of light scattering x5 it was possible to determine the proper 
size of particle to give the maximum scattering in the region of visible 
light. For materials of refractive index of 1.5 this is a particle with a 
diameter of 0.6 micron. That theory was also useful in the development 
of apparatus for the rapid determination of particle size. 10 The con¬ 
ditions required for the production of a fog-oil aerosol with particles 
of this size were worked out in the laboratory and smoke generators 
designed and constructed to produce them. In some generators the oil 
was vaporized and the vapor allowed to escape throtjgh small nozzles 
into air. The size of the particle depended on the linear velocity of the 
vapor and the rate of cooling. These in turn were dependent on the 
rate of heating of the oil and the dimensions of the nozzles. 011 In other 
generators a venturi throat was used for atomizing and mixing the oil 
with hot gases. Obviously the oil must have such vapor pressures as would 
permit it to be vaporized at a practicable temperature and yet be con¬ 
densed into an aerosol at air temperatures prevalent in the field. Nor 
must it decompose excessively during the process of vaporization. 

Theories relating to the rise and spread of aerosol clouds combined 
with knowledge of their ability to scatter light were useful in describing 
the field behavior of smoke screens. For example, when viewed from 
above, a smoke cloud from a single generator frequently has roughly (he 
shape of a cigar. The length at the center line is obtained from the 
following equations: 

*na. = ( -TB-S—Vh 
WiC v UNj 

The maximum half-width is given by the following: 



and 


X (at max y) = (0.606) X tnax 
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Q = the source strength, g/sec 

C v = the turbulent diffusion coefficient in the crosswind direction 
U = the mean wind velocity, m/sec 
Nq = the minimum density for screening, g/sq m 
n = a number between 1 and 2 whose magnitude depends on 
atmospheric turbulence 


Colored Signal Smokes. The following dyes have been found to pro¬ 
duce satisfactory colored smoke clouds 12 : 


Dye 

auramine 

/3-naphthaleneazodimethylaniline 
benzeneazodimethylaniline 
1 -methylaminoanthraquinone 
9 -diethylaminorosindone 
a-aminoanthraquinone * 

1 -amino-8-chloroanthraquinone * 
quinizarin 

1.4- diaminoanthraquinone t 

1.4- diamino-2,3-dihydroanthraquinone f 
1,5 -di -p - toluidinoanthr aquinone 

1,8 -di -/)-toluidinoanthr aquinone 

1.4- di-/>-toluidinoanthraquinone * 

1.4- dimethylaminoanthraquinone 
l-hydroxy-4-/>-toluidinoanthraquinone 


Type 

Color of Smoke 

diphenylmethane 

yellow 

azo 

yellow 

azo 

yellow 

anthraquinone 

red 

azine 

red 

anthraquinone 

orange 

anthraquinone 

orange 

anthraquinone 

orange 

anthraquinone 

violet 

anthraquinone 

violet 

anthraquinone 

violet 

anthraquinone 

violet 

anthraquinone 

green 

anthraquinone 

blue 

anthraquinone 

deep blue 


Note: * Mixed with auramine for proper shade. 

f Mixed with 1-methylaminoanthraquinone for proper shade. 


The successful use of these smoke clouds evidently depends on much 
the same principles as that of the screening smokes. The theory of best 
particle size for colored smokes does not seem to be so well-known. 


Incendiaries 

A widely used incendiary consisted of magnesium made into special 
bombs and clusters, and an even better incendiary involving the applica¬ 
tion of colloid science—the gelled gasolines. 11 In England it was found 
that gasolines gelled with rubber were a very elfectivc incendiary for use 
in bombs because they were not dispersed into small particles by the 
burster charge, but rather in pieces weighing about one-half a pound, 
which proved to be very elfectivc in setting fires. Owing to the scarcity 
of rubber, thickening materials were developed in the United States to 
replace rubber. The best known of these was a mixture of aluminum 
naphthenate and palmitate called “Napalm.” 

This material was not only effective for use in incendiary and fire 
bombs, but proved to be of great value when mixed with gasoline lor 
use in flame throwers. Its high viscosity greatly increased the range of the 
flame thrower and its thixotropic properties 0 made this possible with a 



690 


COLLOID CHEMISTRY 


minimum of pressure required to force the thickened gasoline through 
the hose and flame-thrower nozzle. 


Weapons 

In the recent war neither the Livens projector nor the 4-inch Stokes 
mortar were used. The 4.2-inch chemical mortar became one of the 
most effective weapons in support of infantry. Its range was increased 
to between 4000 and 6000 yards, and the fillings for its shell included 
not only phosphorus to produce screening smokes and colored smokes 
for signalling purposes, but also high explosives. The only chemical- 
warfare materials used in artillery shell were screening smokes and some 
colored smokes. Other important weapons used in World War II but not 
mentioned in the 1931 article are gas, smoke and incendiary bombs, 
flame throwers, grenades, smokes, generators and smoke pots. These are 
of little interest to colloid chemists aside from the materials used in them. 


Gas Masks 

The gas masks of World War II were quite different in many respects 
from those used in combat 25 years earlier. They were lighter and of 
different shape, but the adsorption of vapors and the filtration of aerosols 
still played a major part in their method of functioning. 

The study of the mechanism of the filtration of aerosols, during the 
period covered by the present paper, resulted in vastly superior filters 
in the German gas masks. These were duplicated and improved in the 
American and British mask. The principles of canister design relating to 
the use of charcoal to absorb gases were greatly elaborated, and greatly 
improved charcoals were available as compared with those of 1931. The 
result of this is seen in the much smaller and lighter gas-mask canisters 
in modern gas masks. Corresponding improvements were made in collec¬ 
tive protectors for the purification of large volumes of air, 

Gas-Mask Charcoal. It was known prior to 1931 that the performance 
of a bed of charcoal in removing a vapor from an air stream by adsorp¬ 
tion could be represented simply by an equation substantially equivalent 
to the following 17 : 

CqQT ={NoA (X -I) (1) 

in which 

C 0 = concentration of toxic gas in air stream at entrance face of bed 
Q = rate of flow in volume per unit time 
T = time 

No = saturation capacity of a unit gross volume of adsorbent for the 
(toxic) gas 
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A - cross section of adsorbent bed 

X = thickness of bed 

I — critical bed depth, i.e., the actual intercept of a life-thickness 
curve on the thickness axis 

When 7=0, the equation states that C 0 QT, the weight of vapor adsorbed, 
is equal to M 0 Ax, the value required to saturate the bed completely. 
This is nearly true for the process of adsorbing the vapor of a high- 
boiling liquid from dry air at very small rates of flow; but for useful 
flow rates, 7 has appreciable values and plays an important part in the 
design of gas-mask canisters. 

Of the variables contained in equation (1), the colloid chemist is 
primarily interested in the saturation value N 0 and the constant 7. The 
saturation value N 0 is a property of the charcoal which depends on the 
test concentration, C 0 , and varies with that concentration; it can be read 
from an adsorption isotherm. One of the principal problems in gas-mask 
development is to provide charcoals with high values of N Q for all toxic 
gases. In testing charcoals an important problem is to select a test gas 
and test conditions which will permit conclusions to be drawn as to the 
general serviceability of the charcoal in adsorbing all vapors. It has been 
known that N 0 , expressed in volume of liquid per unit volume of ad¬ 
sorbent bed, in the case of many charcoals is nearly the same for all 
vapors at high relative pressures. (Sometimes, however, some of the char¬ 
coal capillaries are so small that substances with large molecules cannot 
enter them and therefore have smaller values of N 0 than substances with 
smaller molecules.) At lower relative pressures the adsorption isotherms 
of different substances on the same charcoal diverge widely. Recently 
progress has been made in estimating unknown adsorption isotherms 
from one that is known. 38 * 10 In general, substances highly associated in 
liquid form are much less readily adsorbed by charcoal than are non- 
associated ones at the same relative pressure. 20 

Gas-mask charcoals not only serve to adsorb vapors, but also act as a 
support for specific chemical substances which react with certain gases 
and which also serve to catalyze gas reaction with water vapor or oxygen. 
Thus copper oxide has long been added to the charcoal to catalyze the 
oxidation of arsine. Its performance in this respect is improved by the 
presence of a small amount of silver salt. ob Copper oxide also reacts with 
hydrocyanic acid to form cuprous cyanide and cyanogen. 00 Further, it 
reacts with hydrogen chloride formed by the hydrolysis of phosgene. 
The removal of cyanogen chloride is aided by the presence of pyridine 
or chromium salts. Many other impregnants of charcoal are also used to 
aid in the removal of these and other gases. In some cases a value of N 0 
may be calculated from the amount of the substance which will react 
with one of the impregnants present. In others the processes are much 
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more complicated than simple adsorption and there does not appear to 
be any well-defined value of N 0 for the substance in question. 

While N 0 is the absorption capacity of the charcoal at equilibrium, the 
constant I is related to the rate of adsorption. For most charcoal beds 
it is possible by varying the thickness of the bed to find a value at which 
the break concentration appears at the instant the test gas reaches the 
effluent side of the charcoal bed. This thickness is such that the test 
concentration, C 0 , is reduced to the break concentration, C e , in the time 
required for a point in the air stream to traverse the bed. 

As the air stream flows through the irregular passages in the bed, the 
molecules of vapor diffuse out of the air stream through the thin film 
of stationary air that surrounds each charcoal particle, strike the solid 
particles and either stick or rebound. If the molecules do not rebound 
into the gas film, they may reevaporate, react with other molecules, or 
move over the surface. Even if every molecule that strikes the charcoal 
sticks and does not reevaporate later, it still takes a finite bed thickness 
to reduce the concentration from C 0 to C e . Under these conditions 

I = /*•= Hf\n Co/C e (2) 

in which H t is the thickness required to make C e = C 0 /2.72. H t is what 
chemical engineers call the height of a transfer unit. For a bed packed 
with irregular particles it has been found by experiment that 

H t = KD p (D P pV/ m) 0 * 41 (m/p Ai) 0,67 (3) 

Thus H t depends on the particle diameter D p ; the linear air velocity, V; 
the molecular diffusion coefficient of the test gas, D v ; and the viscosity 
and density of air, t u and p respectively. 17 

So calculated, I t is a lower limit of I based on the assumption that 
every molecule of test gas that hits the charcoal granules sticks and does 
not rebound or reevaporate later. (For in that case the concentration of 
test gas at the surface of the charcoal particle is zero.) This lower limit 
can be lowered by reducing the size of the charcoal granules, by decreas¬ 
ing the rate of flow of the air stream, or by using a test gas with a larger 
diffusion coefficient; but once the critical bed depth has reached this 
lower limit, it cannot be further reduced by any change in the interior 
structure of the charcoal or in the nature of its inner surfaces. 

The critical bed depth has been found to be substantially equal to I t 
in the case of chloropicrin and a well-activated charcoal; but in the case 
of the adsorption of water vapor by charcoal, the critical bed depth may 
be much greater than I t , This is due to the fact that at low relative pres¬ 
sures (i.e., relative humidities in the case of water) well-activated charcoal 
adsorbs little, if any, water vapor. Consequently a large fraction of the 
number of molecules that strike the charcoal surface in a given time must 
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either rebound or quickly reevaporate. It may be even that under certain 
conditions all water molecules rebound or quickly reevaporate. Unless 
some adsorption takes place at C e , 1 may be infinite. 

It is evident from the above that in general 

/ - It + It ( 4 ) 

in which I t is the part of the critical bed depth attributed to diffusion 
in the air stream and I rj the part due to processes taking place in or on 
the surface of the granules. 

Not only has the theory of the performance of gas-mask charcoal been 
extended; but progress has also been made in the practice of carbonizing 
suitable raw materials and activating the charcoal so obtained. 14 Thus 
the design and performance of that essential chemical-warfare item, the 
gas mask, depends to a large extent on a knowledge of the adsorption 
isotherm and of the kinetics of adsorption and desorption. 

Gas Mask Filters. Toxic smokes were used in combat in World War I 
to penetrate the gas masks in use at that time. It then became necessary 
to add aerosol filters to the gas-mask canisters in addition to the charcoal 
already provided in them to remove toxic gases or vapors. The operation 
of these filters may be best understood if we first understand how aerosols 
penetrate a charcoal bed. 

If we consider aerosol particles to be very large molecules, then a 
number of these particles with their Brownian motion in air constitute 
the vapor of a substance with a very high molecular weight. Such a 
substance would have a very low vapor pressure and once one of its 
molecules (aerosol particles) collided with a solid surface, it would stick 
to it and not reevaporate. This fact alone would tend to make aerosols 
less capable of penetrating charcoal beds than are vapor molecules. On 
the other hand, a vapor with such large molecules would have a much 
smaller diffusion coefficient than ordinary molecules. It is therefore 
evident from equations (2) and (3) above that, other things being equal, 
the critical bed depth would be greater for aerosols than for vapors. 

Elsewhere, 21 it has been calculated that the diffusion coefficient of an 
aerosol composed of particles 0.302 micron in diameter, is 1.08x10"® 
cm 2 /sec as compared with 0.088 cm 2 /sec for chloropicrin. Consequently, 
if the critical bed depth under certain conditions were 0.1 cm for chloro¬ 
picrin, for the aerosol it would be: 

I = 0.1 cm X (0.088/1.08 X lO” 6 ) 2 / 3 - 190 cm 

It is evident that this value is much larger than would be practicable for 
use in any military gas mask. Consequently, existing gas masks would be 
penetrated at once by the aerosol. Or, viewed in another way, if the pene¬ 
tration of the charcoal bed by chloropicrin were 10" 10 , that for the aerosol 
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in question would be the number whose logarithm is (—10) x (1.08 x 
10-®/0.088) 2/3 =- 0.0056. This corresponds to a penetration of about 98 
per cent by the aerosol. 

Equations (2) and (S) thus give an idea of the variables which affect 
the filtration of aerosols. However, there is more to the subject than this. 
For example, increase in the size of the aerosol particles leads to smaller 
diffusion coefficients and greater penetration; but it is not to be expected 
that this will continue indefinitely. As the particles increase in size they 
will be screened out mechanically or will be thrown out by their inertia 
when they suddenly change direction in the irregular passages of the 
filter. 

The filters used in World War II were a great improvement over those 
available in 1931; but they still consisted largely of fibers. It was found 
that for a filter to give good protection against small particles, the fiber 
diameters should be approximately equal to those of the particles re¬ 
moved. Many fine fibers, notably those of asbestos, are used in aerosol 
filters. 6 * 

An important contribution to the problem of filter development and 
test was the development of instruments for rapidly determining the size 
and concentration of the particles of the aerosol used in testing experi¬ 
mental and production filters. 6e 


Conclusion 

In the period covered by the present paper, colloid chemistry has con¬ 
tributed greatly to chemical warfare. On the other hand, chemical war¬ 
fare problems have greatly stimulated research in the field of colloid 
chemistry and papers resulting from that work are still appearing in the 
scientific literature. 
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PHOTOSENSITIVE GLASS 


Donald Stookey 

Coming Glass Works, Corning, N. Y. 


Introduction 

Colloidal particles are essential ingredients in certain colored glasses 
and in opal glasses. Gold-ruby, copper-ruby and silver-yellow glasses are 
colored by submicroscopic metal particles; selenium-ruby, by cadmium 
sulfoselenide crystals. Opal glass is rendered translucent by the presence 
of microscopic inclusions having refractive indices different from that of 
the glass. In general, these particles or inclusions are not present as such 
during the melting process, but precipitate from homogeneous solution * 
as the melt is cooled or reheated. This results in a high degree and uni¬ 
formity of particle dispersion. 

In June, 1947, Corning Glass Works announced the commercial pro¬ 
duction of both colored and opal glasses in which the formation and 
growth of the colloidal particles are controlled photographically. Such 
glasses are designated by the term “photosensitive glass.” Two basic 
types exist: color transparencies in which the image consists of submicro¬ 
scopic particles of gold, silver or copper; and photosensitive opals in 
which the image is made up of nonmetallic particles capable of diffusing 
light. Except for the photographic image, the glass remains clear and 
colorless. The photographs may be developed in many colors. They are 
three-dimensional, resulting in some cases in a stereoscopic illusion. The 
color transparencies are essentially grainless, since the coloring particles 
are too small to scatter light appreciably, and they are produced in an 
optically-homogeneous medium; hence the resolving power is very high. 
The photographs are believed to be as permanent as the glass articles 
themselves. Conventional glass-melting and -forming methods are em¬ 
ployed in the manufacture of photosensitive glass, and any of the usual 
types of glassware may be made. The photographic process consists of 
exposure to actinic radiation, and development by heat-treatment. 

* Evidence cited later in this paper indicates that gold, silver, and copper dissolve 
as ions rather than as atoms. 
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Research leading to the development of photosensitive glass was 
initiated by the discovery of Dalton 2 in 1987 that the color of copper- 
ruby glass is caused to “strike in”—that is, to develop on heating the 
originally colorless glass—more readily when it has been exposed to ultra¬ 
violet light before heat-treatment. 

In 1941, the author began a search for compositions in which the 
above phenomenon could be enhanced sufficiently to make photography 
in glass feasible. This was accomplished in the same year with glasses 
colored by copper. 8 Later work disclosed that superior results were 
obtainable by the use of gold, together with appropriate sensitizing agents 
and color modifiers. 4 More recently it was discovered that the photo¬ 
graphically-developed metal particles can act as nuclei for the formation 
and growth of nonmetallic crystals in certain glass compositions, result¬ 
ing in the photosensitive opal glasses. Meanwhile Armistead, 5 who had 
been investigating the coloration of glass by silver, was able to make 
photosensitive silver glasses. Detailed results are given in references *• ». 8 
from which much of the material in the present paper has been taken. 


Photosensitive Glass Compositions 

Photosensitive glasses are very similar to certain conventional glasses 
m composition, except for minute additions of constituents that may 
be classified as photosensitive metals, optical sensitizers, and thermore- 
ducing agents. A general description is given below, and specific com- 
positions may be found in the patents cited. 

Base Glass. Most conventional silicate-glass compositions have been 
found capable of photosensitivity, provided an appropriate combination 
of photosensitive ingredients is employed. Exceptions are those contain¬ 
ing appreciable quantities of lead or other strong absorbers of ultra¬ 
violet light. The presence of at least 5 per cent of alkali metal oxide 
appears necessary. 

Glasses containing more than 5 per cent of barium oxide have been 
found especially advantageous when used as base glasses for gold because 

a number of colors to be developed in addition to the usual 
gold-ruby produced m other glasses. 

Photosensitive Metals. The more important photosensitive metals are 
gold, silver, and copper. Certain other metals—palladium for examnle 

SS St 1 ' of “"fy *■ — ■£. — iTcSSSZ 

° f he , b “ tIOIied metals. It was determined that melting 
conditions should be oxidizing for gold- or silver-containing glasses and 
mildly reducing for copper-containing glasses g S ’ 
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The effect of adding traces of tin or antimony compounds to the batch 
is to increase the tendency of the metal to “strike” color on heat-treat¬ 
ment. Excessive quantities cause spontaneous coloration. In terms of the 
photographic effect, these compounds were found to decrease the ex¬ 
posure required to produce a latent image, but to reduce the contrast 
of the developed image. 

Optical Sensitizers . This type of sensitizer is distinguished from the 
thermoreducing agents described above because the sensitizing effects 
were demonstrated to result from absorption of the activating radiation 
by the sensitizer. Their influence is shown by sensitization of the metal 
to new wavelengths absorbed by the sensitizer, or by more rapid photo¬ 
graphic effects with no loss in contrast. Cerium is the most important 
optical sensitizer known at present. The effects of these substances are 
discussed below in the section on the latent image. 


Photographic Process 

The photographic process consists of two steps, exposure and develop¬ 
ment. Exposure is accomplished by irradiating the glass with either 
ionizing radiations or ultraviolet light in the band between 300 and 350 
millimicrons. Use of the latter makes it practical to expose by the contact- 
print method through ordinary film or glass-plate negatives. Develop¬ 
ment of the color transparency consists of heating the glass at or above 
its annealing temperature until the image is sufficiently intense. Develop¬ 
ment of the image in a photosensitive opal glass requires a more complex 
heat-treatment, as will appear below. A separate “fixing” treatment is 
unnecessary because the image is permanent at ordinary temperatures. 
On development, the colors representing strong exposure appear more 
rapidly than those of weak exposure. Deeper layers of glass which have 
received less exposure than surface layers develop more slowly, so that 
penetration increases with heat-treatment. 

Exposure. In order to produce a developable latent image, direct ex¬ 
posure of the order of two-milliwatt minutes per square centimeter in the 
effective spectral region is necessary. When ordinary film negatives are 
employed, the required exposure is from tw T o to ten times more intense 
because of the light-absorption of the negative. Exposure conditions 
(light source, filters, and exposure time) determine the color, depth of 
penetration, intensity, and contrast of the image which can be obtained 
on subsequent development. 

High-energy x-rays, alpha particles, and beta rays have been shown to 
produce developable images. It is hoped that photosensitive glass may 
serve in photography of the three-dimensional tracks of nuclear particles. 

The Latent Image. The latent image which is formed within the glass 
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by exposure to actinic radiation is detected with certainty only by ob¬ 
servation of the visible image subsequently developed. Formation of the 
latent image usually is accompanied by a slight increase in the absorp¬ 
tion of ultraviolet or visible radiations by the glass. However, this is not 
a reliable measure of the latent image because the same change may be 
produced in the absence of the photosensitive metal. Moreover, the 
initial transmission is virtually restored if the glass is heated above 
400°C, although a latent image persists at much higher temperatures. 

A number of properties of the latent image have been determined 
by subjecting it to various treatments and observing the visible image 
after development. 



Figure 1. Spectral sensitivity curve of photosensitive ingredients. Per cent 
transmission through 1-mm glass thickness. 


Spectral Absorption. In common with most glasses, photosensitive 
glasses may become slightly discolored as noted above, or “solarized,” by 
exposure to ultraviolet light or to ionizing radiation. Photosensitive 
glasses containing silver or copper compounds have broad absorption 
bands in the middle ultraviolet (300 to 370 m jj), which are characteristic 
of these compounds and develop faint “solarization color”—blue-gray 
for copper-containing glasses and yellow for silver-containing glasses— 
after exposure. Absorption measurements made with a Beckman spectro¬ 
photometer on photosensitive gold glasses show no absorption band that 
can be attributed to the presence of gold compounds. 

In photosensitive copper and silver glasses the latent image is formed 
by exposure to ultraviolet light in the bands absorbed by the copper and 
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silver compounds. In photosensitive gold glass containing no added op¬ 
tical sensitizer, the latent image is formed only by short-wavelength ultra¬ 
violet light (254 mju or shorter) which is absorbed by other ingredients 
of the glass, whereas addition of cerium compounds permits formation 
of a latent image by absorption of light wavelengths up to 350 m.u, in the 
band absorbed by cerous ions (see Figure 1). 
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Figure 2. Spectral transmittances of developed colors In single 
plate of photosensitive gold glass 2-nun thick. Curves are num¬ 
bered according to relative exposure time, except that 1 repre¬ 
sents exposures of both 0 and 1. 

Effects of Exposure Temperature and Heating Rate. No essential 
change in exposure effect is found in the range from liquid air tempera¬ 
tures up to about 580° C, the latter temperature (for the glass composition 
tested) being in the range where development occurs. It is possible to 
expose and develop color simultaneously at 580°C. Above 600°C, how¬ 
ever, the glass may be exposed to ultraviolet light up to at least fifty 
times the normal exposure time without the production of a latent or a 
visible image. 

The latent image may be destroyed almost instantaneously if the glass 
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is heated from room temperature to above 600°C. Destruction of the 
latent image is accompanied by thermoluminescence. Re-exposure of the 
piece in which the latent image has been destroyed results in formation 
of a normal latent image, as evidenced by subsequent normal develop¬ 
ment of a visible photograph. 

Development. In order to produce a visible image after exposure, a 
photosensitive gold glass which has proved commercially practical is 
heated to a temperature between 580 and 650 °C. Glasses with other 
viscosity-temperature relationships require corresponding developing tem¬ 
peratures. The development requires from 15 minutes to an hour, de¬ 
pending on the exposure and the type of color and depth effect desired. 
Inasmuch as the glass is somewhat deformable in this temperature range, 
special precautions must be taken not to mar the surface. 

The color develops gradually, and development may be halted at any 
time by cooling the glass below the annealing temperature. Development 
is resumed with subsequent heating. The color and depth of penetration 
of the image depend primarily on the exposure conditions, but also to 
some extent on the development. 

Development Colors in Photosensitive Barium—Gold Glass. Figure 2 
gives the transmittance curves for a series of colors developed in a single 
plate of photosensitive barium-gold glass, as a function of exposure time. 
These colors range from pale blue through deep blue, purple, ruby and 
orange-red, with increasing exposure. The colors are the same by reflected 
and transmitted light, and the particles in all cases are too small to 
scatter an appreciable quantity of light. 

Prolonged heat-treatment at high temperatures (650° C or above) tends 
to change the blue, purple and ruby colors to orange-red, so that curves 
2 through 8 of Figure 2 all approach curve 9 after excessive heat-treat¬ 
ment. 


Photosensitive Opal Glasses 

It has been found possible, as stated previously, to employ the photo¬ 
graphically-developed particles of gold, silver or copper as nuclei for the 
formation of nonmetallic crystals within the glass. This occurs in certain 
thermodynamically-unstable glasses in which one crystalline phase has a 
strong tendency to precipitate but is prevented from doing so by the 
high viscosity of the glass. The introduction of inhomogeneities (metal 
particles) by the photographic process enables controlled crystallization to 
occur in localized areas. Viscosity prevents the crystallization from spread¬ 
ing through the glass, and a photographic image is produced. In most 
cases the crystals are transparent and colorless (except for the color im¬ 
parted by the metal), but differ from the glass in refractive index. It is 
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possible to decrease the concentration of metal sufficiently to eliminate 
any coloration, in which case the image is a light-diffusing white design 
within the clear glass. 

It is interesting to note that a complex heat-treatment is required for 
the development of certain types of light-diffusing crystals. It is started 
by heating to a temperature above 600°C to develop metal particles which 
must exceed a limiting size before they can act as nuclei. Then the tem¬ 
perature must be decreased below 520°C to allow the light-diffusing 
crystal nuclei to form on the metallic nuclei, and again raised above 
550°C to permit crystal growth. The number of nuclei can be closely 
controlled by the exposure and the first stage of the heat-treatment, 
while the crystal size depends upon the second heating cycle. Experi¬ 
ments indicate that each metal nucleus initiates growth of a single 
crystal. This behavior resembles, in some respects, that of a nuclear sol, 
which is a metal sol mixed with a solution containing metal ions and a 
reducing agent, furnishing nuclei for the growth of metal particles. Zsig¬ 
mondy 9 employed this technique to determine the number of particles 
per unit volume in gold sols whose particles were too small to be observed 
ultramicroscopically. Adaptation of this method to photosensitive glasses 
has aided in a study of the concentration and distribution of the sub- 
microscopic metal particles produced photographically. 

If an excessive exposure is given, red coloration results from develop¬ 
ment but no light-diffusing crystals are formed. This indicates that the 
gold particles are too small to act as nuclei, or are so closely spaced 
that the dissolved material surrounding each metal particle is insufficient 
to form a crystal. 


Theory 

In a recent paper 8 evidence was presented which appears to prove 
that in glasses colored by colloidal gold, silver, or copper, the metal dis¬ 
solves in an oxidized state during the melting process. In conventional 
gold- and copper-rubies and silver-yellow glasses, the dissolved coloring- 
metal compound subsequently becomes reduced to the metallic state as 
the glass is cooled or reheated. The reducing agent is a polyvalent ion 
such as selenium, tin, antimony, or arsenic, whose reduction potential 
compared to the metal ions is greater at low temperatures than at the 
melting temperature of glass (1400 to 1600°C). The metal, being insolu¬ 
ble, forms discrete particles which impart a characteristic color to the 
glass. 

The photosensitive glasses described in the present work differ from 
the conventional metal-colored glasses in that they contain little or none 
of the polyvalent thermoreducing agents, hence remain colorless on heat- 
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treatment because the coloring metals remain in a soluble oxidized state. 
Instead of thermoreducing agents, these glasses contain optical sensitizers 
(among which the copper and silver compounds themselves are included) 
which become reducing agents for the dissolved coloring-metal com¬ 
pounds on exposure to actinic radiation. 

The initial state of photosensitive glass, before exposure to actinic 
radiation, is therefore believed to be as follows: Ions of gold, silver, or 
cuprous copper are homogeneously dispersed in a hard glass matrix, in 
very low concentration, along with ions of the optical sensitizer. The 
glass at room temperature is rigid, permitting no mobility of ions or 
atoms and confining electronic mobility to a few atom diameters. The 
functions of other constituents of the glass are in general unimportant, 
except as they influence the oxidation state of the metal and sensitizer, or 
competitively absorb the actinic radiation. 

The latent image is believed to consist of (1) photoelectrons emitted 
from light-sensitive ions such as silver, cuprous, cerous, or thallous, and 
held in a metastable activated state at trapping centers adjacent to the 
parent ions; and (2) metal ions capable of subsequently capturing the 
photoelectrons to form neutral atoms. The trapping centers may be 
metal ions or some “lattice imperfections” in the glass network. Because 
of the rigidity of the glass structure at room temperature, neither the 
electrical forces nor the ionic structure can be rearranged to new equilib¬ 
rium states, so that the photochemical reaction (reduction of metal ions 
to the atomic state by the photoelectrons) is not completed until higher 
temperatures reduce the viscosity of the glass to the point where ionic 
diffusion occurs. If the exposure is made at high temperature, or if after 
exposure the glass is heated very rapidly to high temperature, violent 
thermal vibration destroys the latent image by returning the excited 
electrons to their original equilibrium state in the parent ions before 
the process of diffusion permits reaction with other ions to occur. This 
picture of the latent image is supported by the evidence of the presence 
of trapped photoelectrons, which is provided by the thermoluminescence 
of the irradiated glass, as well as by the behavior of the latent image on 
rapid heating or with high-temperature exposure. 

Development by heating is believed to consist of two steps: capture of 
photoelectrons by metal ions to form atoms, and subsequent growth 
of metal particles, either by simple coalescence or by plating out of metal 
ions on contact with metal particles to which excess electrons have 
migrated. 

Determination of the cause of the color variation in photosensitive 
barium-gold glasses presents an intriguing problem. According to Mie’s 
optical theory of the color of metal sols 10 the color of particles such as 
those we are considering, whose size is below the light-scattering range, 
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depends only on selective absorption, which in turn depends on the 
chemical composition of the particle, its physical state, and its shape. In 
the case of gold, colors similar to those described above have been ob¬ 
served by others in colloidal solutions, and a very complete review of ex¬ 
perimental and theoretical studies has been given by Zsigmondy in his 
book “Das Kolloide Gold.” 9 He concludes that the yellow-red coloration 
is probably caused by gold particles in their highest degree of dispersion. 
(This presumably approaches atomic dispersion, since he made red 
hydrosols whose average particle diameter was only 16A, or 4 or 5 atoms 
in length.) With regard to the blue coloration, he cites evidence showing 
* that it can be produced by colloidal aurous oxide, by aggregates of 
smaller gold particles, or by irregularly-shaped gold particles. The 
aggregated particles producing a blue color are in some cases smaller 
than massive crystals producing red color. 

New experimental evidence on the subject, obtained in study of photo¬ 
sensitive glasses, is as follows: 

(1) The developed color changes from blue through purple, ruby, and 
orange-red, with increasing exposure. 

(2) The blue color develops more slowly than the red and is changed 
to red by longer heat-treatment, 

(3) The number of developable gold particles increases with increasing 
exposure. 

(4) Excessive exposure in a photosensitively-opacifiable glass results in 
red coloration without nucleation of opacifying crystals. 

Since the concentration of gold in these glasses is very low, it appears 
reasonable to believe that the maximum particle size obtainable on 
development is inversely proportional to the number of gold particles per 
unit volume of glass. Hence, statements (1), (3), and (4) may be inter¬ 
preted to mean that the smallest gold particles produce the orange-red 
color, and that the color shifts toward blue as particle size increases. 
However, in order to make this explanation consistent with (2), it is 
necessary to assume that the gold particles grow to a maximum size and 
then decrease in size with further heating. Such behavior appears some¬ 
what improbable. 

Other possible causes of the blue coloration are the following: amor¬ 
phous particles, aggregation of gold particles, irregular particle shape, or 
colloidal aurous oxide. Any of these types of particles might conceivably 
be converted to regular gold crystals by excessive heating. Studies now 
being made with the electron microscope may eventually help to decide 
the true cause of the color variations. 
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Applications 

Photosensitive glass possesses a unique combination of valuable prop¬ 
erties, such as durability, dimensional stability, heat-resistance, trans¬ 
parency, and other characteristics inherent in glass. It can be made in 
the shape of tableware, jewelry, flat plate and glassware. Color trans¬ 
parencies in the form of plate glass are finding use in portrait and scenic 
photographs, photographic murals, decorative windows, church windows, 
advertising displays, ornamental tile, instrument dials, scales, and the 
like. Photosensitive opal glass containing three-dimensional grid patterns 
is employed in lighting fixtures for the purpose of controlling the direc¬ 
tion of illumination and eliminating glare. It has many other potential 
applications of both a practical and decorative nature. In general photo¬ 
sensitive glass is a new photographic medium combining the properties 
of glass and the uses of photography into a new, many-sided tool for 
industry, art, and science. 
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Acetanilide, 272 
Acetate-butyrate films, 656 
Acetate rayon, 607 
Acetylcholine, 266 
a -Acetylkynurine, 284 
Achorion, 315 
Acid formation in mouth, 
control of, 393 
rate of, 378, 379 
and sugar, 357 
Acidizing, of oil wells, 455 
Acidoids, in soils, 451 
Acquired characteristics, 249, 250 
Acridine, 459 
Actinomyces, 318, 323 
Actinomycetaceae, 323 
Activators, in phosphors, 125, 136, 137 
Active mass, 449 
Adaptation in organisms, 257 
Adaptive enzymes, 255 
Adenyldiphosphate, 359 et seq. 

Adenyltriphosphate, 359 et seq . 
Adhesion, 69 
Adhesion of “dirt,” 538 
Adsorbed monolayers, 531 
Adsorption, 

of moisture by soils, 447 
multimolecular, 73 
of proteins, 216 
by wood, 624 

Adsorption layer, in detergents, 521 
Aerobacter aero genes, 372, 373 
Aerosols, 78 
agglomeration of, 404 
methods of collecting, 408 
oil fog, 688 

sound energy and, 413 
of toxic smokes, 692, 693 
Aerosporin, 197 
Age, and cosmetics, 557 
Agglomeration of aersols, 403 
Agglutination, of bacteria, 318 
Agglutinin, 332 
Agglutinogens, 330, 334, 338 
Aggregates in liquids, 82, 105 
Agnathia, 298 
ft -Alanine, in yeast, 260 


Alcohol, 365 
Alframin, 519 

Allelic genes and blood groups, 337 
Alloxazine nucleotides, 362 
Alpha particles, energy of, 6 
Amine reaction, with clay, 432 
Amino acids, 
chromatography of, 181 
estimation of, 195 
preparation of, 200 
p-Aminobenzoic acid, 271 
p-Aminophenol, 272 
Ammonium iodide, 75 
Ammonium thioglycollate, 562 
Analgesics, 269 

Analysis, chromatographic, 183 
Andrade function, 151, 152 
Angle of contact, 92 
Aniline-amylene, 103 
Animalization of cellulose fibers, 608 
Animals, variations in, 251 
Anion structure, 233 
Anionic soaps, 517 
classification of, 522 
factors governing, 524 
Annual rings of trees, and past events, 620 
Anthrax, immunity of chilled chickens to, 
242 

Antibiotics, 305 
Antibodies, 242 
antigen-, 216 

mechanism of formation of, 243 
valency of, 341 
Antigen-antibody, 216 
Antigen films, 75, 76 
Antiglobulin test, 342 
Antiperspirants, 561 
Anti-rhesus sera, 334 
Anti-spattering, in margarine, 681 
Antonoff’s law, 84, 90, 92, 99, 103, 513, 514 
Apatite, 349 
Apomorphine, 269 
Arctic Syntex A, 520 
Arginine, 194, 285 
Aromatics, cracking of, 490 
Arsenic poisoning, 270 
Ascaris lumbricoides, 221 ■ 

Ascospores, in Neurospora, 279 
Asexual phase, of bacteria, 313 
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Asphaltenes, 498 

dispersion and flocculation of, 505 
x-ray examination of, 498 
Asphalts, 497 et seq. 
as colloids, 498 
emulsification of, 507, 508 
extrusion of oil by, 506 
microscopy of, 500 
properties of, 500 
solubility of, 499 
uses of, 506, 510 
Association, 
in detergents, 532 
in liquids, 106 
Astrocaryum, 678 
Atomic nuclei, 
formation of, 8 

intermediate compound, 3, 5, 15 
noncapture disintegration of, 3, 12 
packing effect in, 4 
synthesis of, 3, 5, 15 
volume of, 5 
Ataxia, 298 

Atomic number, 18, 26, 27, 28, 29 
Atropine, 272 
Autocatalysis, 288 
Avirol AH, 519 
Azobacter, 318 

B 

Bacillus acidophilus, 365, 368, 369 
Bacillus cholerae , 300 
Bacillus piliformis, 300 
Bacillus prodigiosus, 326 
Bacillus suisepticus, 300 
Bacillus tuberculosis , 313 et seq . 
Bacteria, 

adaptation of, 257 
and dyes, 220 
heritable changes in, 256 
as ion exchangers, 309 
multiplication of, 317, 
staining of, 314 
Bacteria, 
and viruses, 326 
Bacteriophage, 197 
Bacterium coli, 318 
BAL, 242, 270, 687 
Baldness, 564 
Ban-flame, 603 
Basophiles, 314 
Batschinski relation, 162 
Batyl alcohol, 213 
Beneficial poisoning, 178 
Bentonite, 433, 480 
complexes of, 434 
Benzene-water, 95 


Benzidine reaction, 178 
Benzoic acid, in margarine, 682 
Bernoulli effect, 415, 417 
B.E.T. isotherm, 73 

Binding energies of ions and proteins, 230 
Binding index, 231 
Biocatalysts, 237 
efficiency in, 240 
Biochemical genetics, 278 
Biochemical reaction and genes, 277 
Biological activity, 218 
Biological reactions, 
heat in, 238 
tempo of, 237 
Biology, 

and catalysts, 237 
and surface chemistry, 211 
Biotin, potency of, 246 
Biphenyl, coloration, 433 ■< 

Bitumen, asphaltic, 497 
Bivalent antibodies, 341 
Blackbody radiation, 126, 127 
Blanketing layers, 75 
Blocking test, 332 
Block wall movement, 122 
Blodgett technique, 74 
Blood groups, 329 , , 

and heredity, 335, 336 
heritable, 298 
Blood plasma, 
freeze-drying of, 672 
Blood transfusion, dangers in, 334, 335 
Blow-off technique, 72 
Blowpipe beads, 543 
Body odor, 560, 561 
Bohr magneton, 118 
Boiler feedwater, 544 
Boltzmann’s constant, 45, 115, 155 
Bone formation, 351 
Boron nucleus, 12 
Bovine serum, 227, 232 
Brachydactyly, 298 
Branching, in detergents, 523 
Brines, in oil wells, 468 
British anti-lewisite, 242, 687 
Bromobenzylcyanide, 685 
Brownian motion, 56, 68 
in aerosols, 416 
Buffering, by saliva, 384 
Builders, for detergents, 538 
Butyric acid, 366 

C 

Calcium phosphates, 349 
Calgon, 545 
Cancer, 327, 328 
nature of, 252 
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Candida albicans , 372, 373 
Capillarity, in wood, 633, 634 
Capillary analysis, 182 
Capillary rise, 93 
Carbohydrate metabolism, 359 
Carbon black aerosols, 403 
Carbon blacks, kinds of, 404 
Carbostyril, quinine, 275 
Caries, dental, 347 et seq. 
control of, 392 
formation of, 388 
individual dilferences in, 376, 378 
Carriers, for catalysts, 179 
Catalyst activators, 179 
Catalyst carriers, 179 
Catalyst coke, 492 
Catalyst cracking, 477, 480 
Catalyst entelechy, 244 
Catalyst “poisons,” 178 
Catalyst promotors, 242 
Catalyst regeneration, 492 
Catalyst surface, 176, 177 
Catalysts, 
in biology, 237 
and colloids, 175 
and fermentation, 358, 359 
for fluid cracking, 479 
and free radicals, 175 
in medicine, 237 
in rubber reclaiming, 589 
and trace elements, 175 
Cathodoluminescence, 128, 145 
Cation exchange in soils, 444 
Cationic soaps, 222, 517 
Cattle, blood groups in, 339 
Caucasoid bloods, 335 
Cellophane, 641, 655 
grades of, 645, 655 
heat-sealing, 646, 647 
lacquered, 645, 646 
making of, 641 et seq. 

Cells, absorption by, 554 
Cellulose, 602 
films, regenerated, 655 
shrinking of, 630 
Cellulose acetate films, 656, 662 
Cementum, 348, 351 
Cephalin, structure, 78 
Cerin, 213 

Cetyl piperidinium halides, 535 
Cetyl trimethyl ammonium bromide, 222 
Chain reactions, 19 
Channel black, 404 
Charcoal, 
artificial, 179 
for gas masks, 690 
Chemical mortar, 690 


Chemical plugging, in oil wells, 462 
Chemical warfare, 685 et seq . 

Chimyl alcohol, 213 
Chinese drugs, 253 
Chintzes, 604 
Chloroacetophenone, 685 
Chloroform-water, 96 
Chloropicrin, 692, 693 
Chlorosulfonic acid, 685 
Cholestanol, 212 
Cholesterol, 213 
Choline, 285 
Cholinesterase, 266 
Chromatograms, 
liquid, 183 

one- and two-dimensional, 188 
Chromatographic analysis, 183 
Chromatography, 
preparing amino acids by, 200 
solvents in, 191 
Chrondrodystrophia, 298 
“Cisalfa,” 608 
Citric acid, in saliva, 355 
Clays, 

and amines, 432 
as catalysts, 480 
colloidal, 431 
in oil wells, 468 
organophilic, 431 

Climate, and packaged goods, 657 
Climatic deterioration, 657 
Clumping, of red cells, 332 
CMC, 518 

Coatings, on packages, 662 
Cocaine, 273 
Cocarboxylase, 365 
Coco butter, 677 
Coconut oil, 676 
Codeine, 269 
Coenzyme I, 362 
Coke, catalyst, 492 
Collidine, 453 

Colligative properties, 102, 103, 532 
Colloidal aggregates, 532 
Colloidal antibiotics, 305 
Colloidal behavior of soils, 448 
Colloidal clays, 431 
Colloidal carriers, 179 
Colloidal copper, 703 
Colloidal electrolytes, 219, 305, 517 
Colloidal gold, 703, 704, 705 
Colloidal silver, 703 

Colloidality, zone of maximum, 237, 532 
Colloids, 

flocculation of, 63 
lyophobic, 47 
Competence, 244, 247 
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Complement deficiency, 301 
Compreg, 631 
Compton scattering, 139 
Conglutination, 332, 333 
Conglutinin, 332 

Conidia, in Neurospora, 279, 280 
Conjugation, of drugs, 272 
Conjugation reactions, 270, 271 
Constitutive enzymes, 255 
Consumer appeal; in packages, 661 
Contact angle, 68 
Copper, 
colloidal, 703 

complexes with protein, 227, 232 
Cosmetics, 551 
classification, 565, 566 
effects of, 558 
preparation of, 566 
Cotton, treated, 602 
Cottrell precipitators, 404, 419, 487 
Cottrell vs sonic systems, 426 
Coupled reactions, 239 
Crazing, 653 
Creams, 559 
Creation, 206 

Critical micelle concentration, 532 
Critical region, 103 

Critical volume, in nuclear reactions, 19 
Cross capillary analysis, 188 
Crush resistance, 604 
Cryochem, 665 
Crystallites, 107 
in wood, 622 
Crystals, structure of, 98 
Culps medium, 369 
Cultured milk, in margarine, 682 
Cuprammonium rayon, 607 
“Cuprophan,” 648 
Curie point, 113, 114, 115, 116, 123 
Curium, 4 
Curling, hair, 563 
Cutis, 552 
Cyanide, 269 
Cyanogen chloride, 686 
Cyanophile reticulum, 318 
Cyanophiles, 314 
Cybotaxis, 75 

Cyclic diseases, relapses in, 323 
Cysteine, 195 
Cytochrome oxidase, 269 

D 

Dactylolysis, 298 
Debye-Hiickel equation, 54, 58 
Decamethylene adipate, 169 
Decibels, in sound, 415 
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Defects, heritable, 298 
Deflocculating action of Graham’s salt, 
543 

de Heen’s theory, 109 
Denaturation of proteins, 214 
Density-temperature curves, 83, 104 
Dental caries, 347 et seq . 
control of, 392 
factors in, 378 
mechanism of, 376 
Dental plaque, 357, 386 
Dentine, 348, 351 
bacteria in, 368 
Deodorants, 561 
Depth of surface zones, 67 
Dermis, 552 
Detergency, 529 
Detergents, 

adsorption layer in, 521 
and chemical structure, 517, 529 
non-ionic, 534 
and sewage, 527 
Deuterium, 20, 21 

Development of exposed photosensitive 
glass, 702 

Devulcanization, 571 
Diamagnetism, 114 
Diathesis, 251 
Di-w-butyl succinate, 165 
Diethylsuccinate, 167 
Diffuse charges, 48 
Diffusion, into cells, 556 
Dihydroxyacetone phosphate, 361 
Diisopropylfluorophosphate, 267, 274, 275, 
686 

Dilaudid, 269 
Dilantin, 273 
Dilatency, 432 

Dimercaptopropanol, 242, 270 
Dimethylfluorophosphate, 275 
Di-w-octadecylsuccinate, 165 
Diphenylhydantoin, 273 
1,3-Diphosphoglyceric acid, 362 
1,3-Diphosphoglyceric aldehyde, 361 
Diphosphopyridine, 362 
Dipole, magnetic, 114 
Dipole moment, 101 

Discontinuities in properties of liquids, 85 
Disease, 
and drugs, 250 
host response to, 300 
Dishumor, 657 

Disintegration of atomic nuclei, 8, 12 
Disorientation temperature, 74 
Dispersion, 
of asphaltines, 505 
by Graham’s salt, 546 
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Displacement development, of chromato¬ 
grams, 183 

Domain, magnetic, 120, 122 
Donnan equilibrium, 444 
Dopa, 559 

Double layer, 47, 48 
Draves test, 537 
Dresinol, 469 
Drosophila , 277, 295, 297 
Drugs, 218, 253 
and disease, 250 
and enzymes, 265 
in the organism, 271, 272 
and proteins, 233 
Drying cycles, 668 
“Dryness,” to taste, 677, 678 
Duck sarcoma, 327 
du Nouy tensiometer, 310 
Dunstan rule, 158, 161 
Duponol, 519 
Duponol 646 B, 520 
Dusts, defined, 403 
Dwarf mice, 297 


E 

Eccrine sweat glands, 560 
Ectoplasm, 314, 315 
Ectoplasmic lysis, 515 
Efficiency in biocatalysts, 240 
Egg yolk, and margarine, 674 
Einstein equation, 4 
Elan vital, 206 

Elastomers, reclaiming of, 569 
Electric charge, on surfaces, 55 
Electric double layer, and lyophobic col¬ 
loids, 47 

Electrophoresis, in skin, 554 
Elements, abundance of, 21 
Elution analysis, 183 
Embden ester, 360 
Embryology, 244 
Emetics, 269 
Emission spectra, 144 
Emulphor O, 535 
Emulphor STH, 517 
Emulsification, 
of asphalt, 507, 508 
of margarine, 680 
Emulsions, stability of, 48 
Enamel, tooth, 348, 351 
solubility of, 353 
Energy, 
magnetic, 121 
nuclear, 20 

Energy density, in sounds, 415 

Enolase, 363 

Enol pyruvic acid, 364 


Entelechy, 206 
catalyst, 244 
Enthalpy, 229 
Entropy, 229 
Enzyme competition, 383 
Enzyme formation, 256 
Enzyme inhibitors, 383 
Enzyme precursors, 290 
Enzyme systems, 370 
in mouth, 375 
Enzymes, 216 
adaptive, 255 
in cells, 255 
constitutive, 255 
and drugs, 265 
in fermentation, 360 et seq. 
and genes, 287 
in metabolism, 370, 371 
and nitrogen nutrition, 262 
unsuspected, 276 
Epidermis, 552 
Epilepsy, heritable, 298 
Epithelial defects, 298 
Equilibrium, defined, 101 
Eridpon, 521 

Erythroblastosis, 340 et seq. 
Escheria coli, 256, 257, 287 
Eserine, 268 
Eskimos, teeth of, 369 
Ethics, 202, 203 
Ethyl acetate, 164 
Ethyl alcohol, 109, 365 
Ethylene oxide condensates, 535 
Ethylenimine, 610, 611 
Europium, 144 
Evocators, 245, 247 
Evolution, 247, 292 
Excitation of luminescence, 139 
Eye color, in Drosophila , 299 

F 


Face powders, 558 
Factual social science, 204 
Faraday effect, 122 
Fasciation, 253 
Fats, 

deodorization of, 674 
through skin, 554 
Feedwater treatment, 544 
Feigl reaction, 195 
Fermentation and catalysis, 358 
Ferromagnetism, 
in colloidal particles, 113, 120 
nature of, 113, 115 
Fewa, 519 

Fiber saturation, in wood, 628 
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Finishes for textiles, 604, 606 
Fire retardants for wood, 633 
Fish protein in viscose, 609 
Flameproofing, 603 
Flexed tail, heritable, 298 
Flocculation, 
of asphaltenes, 505 
of colloids, 63 
Flory rule, 161 

Flotation, phosphates in, 543 
Floxan, 609 

Fluid catalyst cracking, 477, 486 
Fluidity, 151 
Fluidized solids, 482 
Fluorapatite, 389 
Fluorescence, 129 
Fluorescent lamps, 136 
Fluoride ion, 
in teeth, 389, 392 
treatment of teeth, 394 
Fluorine, in fossil bone, 389 
Fluorine nuclei, 7, 8 
Fluorvacetates, 686 

Fluxing action, of Graham’s salt, 546 

Fogs, defined, 403 

Food accessories, 371 

Food packaging, 664 

Foot and mouth disease, 326 

Formation consolildation, in oil wells, 466 

Fossil bone, fluorine in, 389 

Free radicals in catalysts, 175 

Free-space function, 158 

Free surface energy, of solids, 514, 515 

Freeze-drying, 665 

Friction, 69 

Friedelin, 213 

Frontal analysis, 183 

Fructose-l,6-diphosphate, 360, 361 

Fumes, defined, 403 

Furnace black, 404 

G 

Gadolinium, 114 
Gametes, of M. tuberculosis, 323 
Gardinol, 519 
Gas laws, 100 
Gas masks, 685, 690 
filters for, 693 
Gas oil, cracking of, 493 
Gasoline, from cracking, 477 
"Genes, 

action of, 288, 289 

and biochemical reactions, 277 

mutation of, 285 

number of, 295 

relation to enzymes, 288 


Genetics, and disease, 295 
Germ plasm, 248 
Glass, photosensitive, 698 
Glassine, 655 
Glucose, 

and mouth organisms, 373 
phosphorylation of, 359 
Glucose-6-phosphate, 359 
Glyceric aldehyde phosphate, 361 
Glycine, 194 
Glycogen, 366 
formation, 302 
Gout, 251 
Gouy’s theory, 54 
Graham’s salt, 541 
Gramicidin, 197 
Gram-negative, 220 
Gram-positive, 220 
Granules, bacterial, 314 
Green wood, 624 
Ground state, 142 

Growth, and nitrogen nutrition, 255, 261, 
263 

H 

Hair, 
color, 559 
dyes, 559, 560 
removal, 563 
stimulation of, 563 
structure of, 552 
waving of, 562 
Hansen’s disease, 327 
Haptens, 330 et seq. 

Harden-Young ester, 360, 361 
Hardwoods, 620 
Harkin’s rule, 32 
Heat, 

in biological reactions, 238 
of sun and stars, 4 
Heat-sealing lacquer, 646 
Hedragonic acid, 213 
Hemophilia, 298 
Heredity, 

and blood groups, 335, 336 
and disease, 296 
and tuberculosis, 323 
Heritable defects, 298 
Heusler alloys, 114, 115, 119 
Hexamethylene, 85, 106 
Hexokinase, 359 
Hexylresorcinol, 221 
Histidine, 194 
Homatropine, 273 

Homogeneous materials, light scattering 
by, 33 
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Host response to disease, BOO 
Houdry process, 477 
Hr factor in blood, 329 
Human sera, 
groups in, 329, 330 
types of, 330 
Humectol CX, 519 

Humidity, in packaged goods, 653 et seq. 
Huntington’s chorea, 298 
Hydantoin, 273 
Hydrafrac, 471 

Hydrocarbons, solubilization of, 539 
Hydrocyanic acid, 686 
Hydrogenation, 
of oils for margarine, 674 
selective, 678, 679 
Hydrogen bomb, 20 
Hydrogen ion, 
influence of, 352, 357 
micro test for, 387 
role of in caries, 390 
Hydrolytic reactions, and drugs, 272 
Hydroxyapatite, 389 
Hydroxyproline, 192, 194 
Hyphal fission, in Neurospora , 279 

I 

Igepon substitute, 520 
Igepon T, 520, 535 
Immuno-catalysis, 244 
Immunology, 216, 217, 242 
Impreg, 631 

Impurities, in phosphors, 136, 137 

Incendiaries, 685 

Indole, 287 

Induction, 245 

Infrared, 131 

Inhibitors of corrosion, 456 
Inhomogeneitics, 34, 35 
Insulin, 197 

Intercrystalline water, 78 
Interface, solid-liquid, 97 
Intermediate-compound nucleus, 3, 5, 15 
Internal ionization, 129 
Internal pressure, 98 
Intrinsic viscosity, 167 
Invertase, isolation of, 358 
p-Iodophenyl sulfonyl derivatives ot 
amino acids, 196 

Ion-exchange resins, in chromatography, 
184 

Ionic micelles, 517 
Ionization, internal, 129 
Ionoluminescence, 128, 145 
Ions, and proteins, 225 
Irrigation water, treatment of, 544 


rrritant smokes, 685 
Isoimmunization, transplacental, 298 
Isoleucine, 286 

Isoleucine-valine synthesis, 285 
Isomerase, 361 

J 

Jack-bean, 274 
Jarmin effect, 460, 461 
Janus Green, 216 

K 

Kamikaze attacks, 686 
Kangri cancer, 252 
Katz swelling equation, 629 
Keratin, 553, 554 
in viscose, 609 
Keto pyruvic acid, 364 
Khotinsky cement, 70 
Kinks, in property curves, 85 
Kinky hair, straightening, 563 
Koch bacillus, 315, 318 
Kynurenine, 284, 299 

L 

Lacquer, heat-sealing, 646 
Lactic acid, 365 
in mouth, 375 

Lactobacillus acidophilus , 366, 371 
Lactobacillus odontoliticus, 368 
Lamepon A, 518 
Laminated films, 663 
Lampblack, 404 

Langmuir’s equation for adsorption, 457, 
458 

Latent image, in photosensitive glass, 699 

Launderometer, 538 

Laurin-myristin fats, 676 

Le Chatelier principle, 626 

Lecithin, in margarine, 681, 683 

Lennard-Jones potential curves, 57 

Lens rupture, heritable, 298 

Lepidine, 459 

Leprosy, 327 

Lewisite, 685, 687 

Lichens, 241 

Ligands, 128 

Light scattering, 33 

Lignin, 623 

Lippmann equation, 58 
Lipsticks, 558 

Liquid chromatogram, 183 
Liquid-liquid systems, 102 
Liquid surfaces, 67 
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Liquids, aggregates in, 82, 105 
Logarithmic function, in viscosity, 160, 
168 

Long-range forces, 75, 217 
Lotions, 559 
Lubricating oils, 74 
Lubrication, 69, 77, 80 
“Lucite," 33, 38, 41 
Luminescence, 
defined, 127 
efficiency of, 145 
emission spectra for, 144 
growth and decay of, 129, 130 
mechanism of, 140 
Luminescent screens, 145 
Luminescent solids, 125 
Lupane derivatives, 213 
Lutidines, 192, 459 
Lycomarsin, 197 
Lyophilic liquids, 92 

Lyophobic colloids, and electric double 
layer, 47 

M 

Magic numbers, 24, 31 
Magnesium, in enzymes, 364 
Magnetic energy, 121 
Magnetism, 
and partide size, 123 
physical basis of, 113 
Ma huang, 253 
Maltase, 380 
Maltenes, 499 
Margarine, 

federal standards for, 682 
making of, 673 

Margarine oil, hydrogenation of, 674 
Mascara, 559 
Mass loss, 4 
Mass of nuclei, 5 
Material structure, levels of, 201 
Material units, table of, 207, 208 
Mechanisms, 252 
in biology, 246 
Medialan A, 518 
Medical products, drying, 668 
Melamine resin, and wool, 616 
Melanin, 559 
Melioran F6, 520 
Menthyl anthranilate, 559 
Meperidine, 269 
Mercaptans, 594 
Mercerizing, 600 
Mercury, poisoning by, 270 
Mersolate H, 520 
Mesons, 207 


Mesotrons, 207 

Metabolism, enzymes in, 370, 371 
Metal foils, 656 
Methadon, 269 

Methemoglobin, structure, 78 
Methionine, 195, 285 
yg-Methylumbelliferone, 559 
Metrazol, 274 
Mexican asphalt, 499 
Mica, 

sintered, 546 
surfaces, 75 
Mice, 

dwarf, 297 

epidemic diseases of, 300 
yellow, 296 

Micelle concentration, 518, 532 
Micelles, 78 
effects of, 222 
formation of, 219 
ionic, 517 

and solubilization, 539 
structure of, 518 
Microbial flora, in mouth, 382 
Microorganisms, and detergents in sewage, 
527 

Microphthalmia, 298 
Microsporon , 315 
Micro-test for pH, 387 
Mie theory of light scattering, 688 
Miller theory, 368 
Millilambert unit, 146 
Mixtures, viscosity of, 161 
Moisture, 

in packaged goods, 653 et seq. 
in soils, 447 

Molecular aggregates, 83, 105 
“Molecular field,” 117 
Molecular forces, balance of, 100 
Molecular weight, 162 
and viscosity, 168 
Molecules, 

organic, structure of, 212 
oriented, 74 
Moleculobiont, 208 
Monocitrates, in margarine, 681 
Monostearin sodium sulfoacetate, in mar- 
garine, 681 

Montmorillonite, 77, 435, 480 
Morphine, 268, 269 
Mothproofing wool, 614 
Mouse typhoid, 301 
Mouth, 
acid of, 366 

bacteria in, 368, 369, 370 
organisms of, 372 
structure of, 384, 385 
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Moving-bed cracking, 477 
Mucin plaque, 384 
Mule foot, 298 
Multilayers, 217 
Multimolecular adsorption, 73 
Mus bactranus, 300 
Mus musculus, 300 
Mustard gas, 685 
Mutase, 363 

Mutation in bacteria, 256 
Myokinase, 359, 360 

N 

Nacconol NR, 520 
Nails, 

color of, 560 
structure of, 552 
Nakedness, heritable, 298 
Napalm, 471, 689 
Naphthenes, cracking, 490 
Negroid bloods, 335 
Nekal, 520 
Neocatalysts, 237 
formation of, 241 
Nerine fothergillii, 622 
Nerve impulses, 266, 267 
Nervous incoordination, 298 
Neuberg ester, 360 

Neurospora crassa, 278, 279, 280, 283, 287 
Neutrino, 207 
Neutron tracks, 10 
Newtonian flow, 149 
Newton’s rings, 77 
Niacin, 282, 283, 362, 371 
synthesis of, 285 
Nieman’s triangle, 530 
Ninhydrin, 192 
Nitella , diffusion in, 556 
Nitrocellulose, viscosity of, 170 
Nitrogen mustards, 686, 687 
Nitrogen nucleus, 14 
Nitrogen nutrition, effects of, 255 
Noncapture disintegration of atomic nu¬ 
clei, 3, 12 

Normative social science, 204 
Nuclear disintegration, 3 
Nuclear reactions, 3, 19 
Nuclear shells, 24 
Nuclei, 

atomic, see Atomic nuclei 
intermediate compound, 3, 5, 15 
mass of, 5 
size of, 5 
synthesis of, 3 
Nucleic acid, 291 
Nucleon, defined, 3 
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Nucleons, number of in atomic nuclei, 4 
Nylon, 214, 612 

o 

rc-Octadecyl acetate, 164 
Oil fog aerosols, 688 
Oil wells, 

synthetic resins and, 465 
treatment of, 455 
Oleanolic acids, 213 
Olefins, cracking, 489 
Oleomargarine, making of, 673 
Oleylsarcoside sodium, 518 
Opalescence, in critical region, 103, 104, 
105 

Opal glasses, photosensitive, 702 
Ophiostoma multiannulatum, 287 
Optimum colloidality, 532 
Organic molecules, structure of, 212 
Organizers, 245, 247 
Organophylic clays, 431 
uses of, 440 

Oriented molecules, 74 

Orion, 613 

Oronite, 520 

Osmotic charges, 56 

Oxidation of rubber, 581 

Oxidative reactions, and drugs, 272 

P 

Package life, of merchandise, 658 
Packaging, 651, 661 
machinery for, 663 
Packing effect, in atomic nuclei, 4 
Palm kernel oil, 678 
Palsy, heritable, 298 
Pantothenic acid, 287 
Paper chromatography, 181, 186 
uses of, 197 
Papergram, 186 
Parachor, 156 

?i-Paraffin hydrocarbons, viscosity of, 158, 
159 

Paraffins, cracking of, 489 
Paralysis, heritable, 298 
Paramagnetism, 113 
Parentage tests, 337, 338 
Particle size, 
in fluidizing, 482 
and magnetism, 123 
Partition chromatography, 185 
Pauli exclusion principle, 142 
Pectic acid, 78 
Pectin, classification of, 545 
Pectinic acid, 78 
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Pendant drop method, for surface tension, 
308, 310 

Penicillic acid, 306 
Penicillin, 305, 306 
binding by albumin, 233 
structure of, 233 

Penicillin (sodium) viscosity, 308, 309 
Pen T’sao, 253 
Perfumes, 561 

Periodic system of atomic species, 30 
Permeability of skin, 553 
Persistol V5, 611 
Perspiration, 553 
Petrolenes, 499 

Petroleum, cracking of, 477 et seq. 
Petroleum feed stocks, 478 
Phagocytosis, and relapse in cyclic dis¬ 
eases, 322 

Phagocytotic index, 323 
Pharmacology 7 , 265 
Phenolsulfides, 593 
Phenol-water, 107 

N -p-Phenylazobenzoy 1 chloride, 183 
Phenylketonuria, 298 
Phosphate beads, in blowpipe analysis, 
543 

Phosphate energy', 239 
Phosphates, 

solubilizing action of, 543 
varieties of, 541 et seq. 

2- Phosphoglyceric acid, 363 

3- Phosphoglyceric acid, 362 
Phosphopyruvic acid, 363 
Phosphorescence, 129 
Phosphors, 125 et seq. 

composition of, 132 
effects of impurities in, 136, 137 
spectra emitted by, 144 
structure in, 137, 139 
synthesis of, 133 
trapping in, 143 
Phosphotriose isomerase, 361 
Photoluminescence, 128 
Photons, 129, 207 
Photosensitive glass, 698 
Photosensiitve metals, in glass, 698 
Photosensitivity, 298 
Phototubes, 147 
Phthalic anhydride, 238 
Physis, 206 
Picolines, 459 

Pigmentation, of skin, 559 
Pipsvlated amino acids, 196 
Pituitary, 297 
Plant cancers, 253 
Plant growth, in soils. 451 
Plaques, dental, 357, 386 


Plasmagenes, 248, 291 
Plasmodium, 318 
Plasticity, 432 
Plastics, 

for packages, 662 
viscosity of, 149 et seq. 

Pleomorphism, in bacteria, 313, 314 
Plutonium, fission of, 16 
“Poisons,” in phosphors, 138, 139 
Poly acrylates, 214 
Polydactylism, 298 
Polyethylene, 656 

Polymers, Newtonian flow in, 149 
Polymer structure, and rubber reclaim, 
*584 

Poly methacrylates, 214 
Polymorphism, of bacteria, 313, 314 
Polypeptides, 214 
Polystyrene, 167 

Polyvinylidene chloride films, 656, 663 

Pores, penetration of, 554 

Porphyrin compounds, 213 

Potential curves, 59, 60, 61 

Precipitron, 408 

Pressure, surface, 212 

Prickle cells, 552 

Proline, 192, 194 

Promotors, in catalysts, 242 

Prosthetic groups, 241, 275 

Protective wrappings, 651, 661 

Protein oxidase, 366 

Proteins, 

adsorption of, 216 
complexes of, 225 
and ions, 225 

precipitation of by Graham’s salt, 545 
spreading of, 214 
Pseudomonas fluorescens, 260, 261 
Ptyalin, 380 
Pyorrhea, 383 
Pyridine, 193 
Pyruvic acid, 364, 374 

Q 

Quasi molecules, 179 
Quillaic acid, 213 
Quinaldine, 459 
Quinine, 275 
Quinine carbostyril, 275 
Quinoline, 459 
Quinton’s plasma, 565 

R 

Radiated liquids, 108 

Radioactive nuclei, first produced, 14 
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Raschig rings, 482 
Rayleigh law, 37 
“Rayolanda,” 611 
Rayon, 600, 607 

Reactions in catalyst cracking, 488 
Recapitulation, 245 
Reclaiming rubbers, 569 
Rectilinear diameter, 104 
Reductase, 365 

“Red water” in laundries, 545 

Regenerated cellulose films, 655 

Relapses, in tuberculosis, 322 

Relatin, 518 

Relativity theory, 4 

Religion and science, 204, 205 

Repulsion potential, 59, 60 

Resinous substances, viscosity of, 164, 165 

Resins, 

ion-exchange, in chromatography, 184 
and textiles, 603, 605, 616 
Retinitis pigmentosa, 299 
R f values, in chromatography, 187, 188 
Rh-blocking antibody, 332 
Rheochor, 156 

Rheological properties of asphalts, 501 
Rheopexy, 432 
Rhesus antisera, 334 
Rh factors (heritable), 298 
in blood, 329 
Riboflavin, 371 
Rickettsia, 326 
Robinson ester, 360 
Roentgenographic index, 518 
Roentgenoluminescence, 128, 145 
Rohazit, 518 

Roundworm (in pigs), 221 
Rous virus, 252, 326, 327, 328 
Rubber, x-ray analysis of, 586 
Rubber hydrochloride films, 656, 663 
Rubber reclaiming, processes for, 569 et 
seq. 

s 

Saccharomyces cerevisiae, 287 
Saliva, 

as buffer, 384 
chemistry of, 353 
and decalcification, 356 
functions of, 384, 385 
Salmin, 197 

Salmonella typhimurium, 301 
Samarium, 143 
Santomerse D, 520 
Sapogenins, 213 
Saran, 600, 613 
Sarcina lutea, 372, 373 


Sarcoma of ducks, 327 
Scanning cathode beam, 146 
Schulze-Hardy rule, 65 
Science, and religion, 205 
Scleroderma, 327 
Screening smokes, 685, 688 
Screens, luminescent, 145 
Sedimentation analysis, 445 
Sequestration, 
defined, 543 
by Graham’s salt, 546 
Serine, 195, 287 
Serology, 242 
Serum, 

albumin, and ions, 228 
blood groups in, 329, 330 
types of, 330 

Sewage, and detergents, 527 
Sexual phase, of bacteria, 318 
Shelf-life of packaged goods, 659 
Short tail, heritable, 298 
Shrinkage control, of wool, 615 
Shrinking, of %vood, 629, 630 
Sigmoid isotherm, 653 
Signal smokes, colored, 689 
Silica catalysts, for cracking, 480 
Silica gel, in chromatography, 186 
Silicones, and textiles, 605, 606 
Silk, 613 

Silver halide sols, 50 
Silver iodide, 50, 51 
Skin, 
colbr, 558 
defects of, 298 
improvement of, 564 
permeability of, 553 
structure of, 551 
Slime molds, 322 
Smokes, 
defined, 403 
in warfare, 685, 686 
Soaplike colloidal electrolytes, 517 
Soaps, 

biological activity of, 219 
x-ray diffraction patterns of, 78 
Social level, 201, 202 
Social science, 204 
Sodium alkyl malonate, 518 
Sodium cellulose glycolate, 518 
Sodium cellulose methoxycarbonate, 518 
Sodium dodecyl benzene sulfonate, 538 
Sodium hexametaphosphate, 541 
Sodium phosphate glass, 542, 545 
Softwoods, 619 
Soils, 

adhesion of, 538 
analysis, 445 
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Soils— Continued 
behavior of, 44S 
ion exchange in, 444 
solubilization of, 539 
Solids, free surface energy of, 514 
Sols, silver iodide, 50, 52 
Solubilizing action, of phosphates, 543 
Solutions, theory of, 100 
Solvents, in chromatography, 191 
Sonic agglomerators, 411 
Sonic vs. Cottrell systems, 426 
Sound energy and aerosols, 413 
Soya-bean lecithin, in margarine, 681 
Spectra emitted by phosphors, 144 
Spot color reactions, 192 
Sprays, defined, 423 
Staining, of bacteria, 314 
Staphylococcus albus, 372 
Staphylococcus aureus, 309 
Starch, breakdown of, 380 
Stars, heat of, 4 
Static-bed cracking, 477 
Standinger constant, 166 
Stearylamine acetate, 600 
Sterois, 213 
Stokes’ law, 68, 446 
Storage changes, 659, 669 
Stratum corneum, 552 
Stratum lucidum, 552 
Streptococcus albus, 370 
Streptococcus brevis, 368 
Streptogenin, 197 
Streptomycin, 305, 308 
Structural levels, 201 
Succinoxidase, 270 
Sugar, 

and acid mouth, 357 
and caries, 381 

Sugars, fermentation of, 358 et seq. 
Sulfadiazine, 271 
Sulfa drugs, 271 
Sulfanilamide, 271 
Sulfathiazole, 271 
Sulfhydryl enzymes, 270 
Sulfuric acid esters, 519 
Sulfuric acid fog, 410 
Sulfuro-chloridization, 523 
Sun, heat of, 4 
Sunscreens, 558 
Super Filtrol, 480 
Supersonic generators, 411 
Surface, of catalysts, 176, 177 
Surface-active agents, 459 
in oil wells, 470 
Surface activity, 517, 529 
Surface chemistry, and biology, 211 
Surface denaturation, 214 


Surface films, 76 
Surface layers, 69 
Surface potential, 212 
Surface tension, 83 et seq., 212, 308, 310 
apparatus for, 92 et seq. 
rule, 513 
theory of, 98 
Surface zones, 67 
Sweat, 553 
Symplasms, 320 
Syndactylism, 298 
Synthetic fibers, 600 
Synthetic resins, 
and oil wells, 465 
for textile use, 604 

T 

Tanning, Graham’s salt in, 545 
Teats, fused, 298 
Teepol, 519 
Teeth, 

caries in, 347 et seq. 
structure of, 347 
Television tubes, 147 
Temperaments, 250 
Template analogy, 243, 290 
Tergitol, 519 
Terylene, 613 

Test animals, non-uniformity of, 251 

Textile fibers, modification of, 599 et seq. 

Textiles, synthetic resins for, 604 

Thermafor process, 477 

Thermal black, 404 

Thermodynamics, 229, 230 

Thiamin, 371 

Thin layers, 76 

Thioureas, 459 

Thixotropy, in asphalts, 504 

Thom, meaning of, 657 

Three-phase systems, 314 

Threonine, 195 

Threshold treatment, 544, 545, 547 

Time control, in biological reactions, 237 

Tires, reclaiming of, 569 

Torula utilis, 260, 261 

Trace elements, in catalysts, 175 

Transfusion, and blood groups, 333 

Transparit process, 642 

Trapping, in phosphors, 143 

Traube’s rule, 218, 219, 457 

Trees and ancient weather, 619 

Tricarboxylic acid cycle, 364 

Trichopyton, 315 

Triose mutase, 363 

Triterpene acids, 213 

Tritium, 20, 21 
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Triton X100, 535 
Tryptophan, 194, 279, 283 
d and l forms, in cancer, 327 
Tryptophan-niacin, synthesis, 282 
Tubercle bacillus, 313 et seq. 
Tucum kernel oil, 678 
Turkey red oil, 519, 535 
Tylose, 518, 620 
Typhoid, in mice, 301 
Tyrosine, 194 


u 

Ultraclay, 446 

Ultrasonic agglomerators, 411 
Ultra von, 521 
Univalent antibodies, 341 
Universal level, 201 
Uranium, fission of, 16 
Uranium series, 25 
Urogenital defect, heritable, 298 
Ustilago maydis, 287 


V 

Valine, 286 

van der Waals attraction, 100, 534 
van der Waals—London constant, 62 
van der Waals—London forces, 47, 53, 61, 
65, 67 

Vanillin, 562 

Vel, 519 

“Vinylite,” 167 

Vinyl-nitrate blends, 664 

Vinyon, 600, 612 

Viruses, criteria for, 326 

Viscoid, 641 

Viscose, 641, 642 

Viscose rayon, 607 

Viscosimeter for asphalts, 501 

Viscosity, 

of asphalt emulsions, 509 
and concentration, 156, 157 
formulas for, 150, 152, 154, 155 
and free space, 154 
intrinsic, 167 
of mixtures, 161 
and Newtonian flow, 149 
of resinous substances, 164, 165 
surface, 212 
and temperature, 150 
"Vistralan,” 612 
Vitamin A, in margarine, 683 
Vitamin B complex, 371 
Vitamin C, 371 


Vitamins, and growth, 281, 282 
Voiles, 318, 319, 321 

W 

Warfare, chemical, 685 
War gases, 685, 686 
Water, intercrystalline, 78 
Water, threshold treatment of, 544, 545, 
547 

Water flooding, of oil wells, 468 
Wedging apart of surfaces, 79, 80 
in wood, 625 

"Weeping,” in margarine, 681 
Wetting, and penetration, 531 
Wetting agents, 459 
Winterstein-Folin test, 195 
Wood, 

capillarity in, 633, 634 
as colloid system, 619 
compression of, 632, 633 
diffusion in, 636, 637 
drying of, 625 
fibers, 620 

fire retardants for, 633 
impregnated, 631 
micelles in, 622 
preservatives, 633 
pulp, 633 
seasoning of, 633 
shrinking of, 630 
strength of, 628, 629, 630 
x-ray pattern of, 621, 624 
Wool, 613 
mothproofing, 614 
resinification of, 616 
shrinkage control for, 615 
Wrappings, protective, 651, 661 
Wulff’s law, 97 

X 

Xylenol sulfides, 593 
Xeroderma pigmentosum, 298 
X-rays, 

analyses of liquids by, 106 
analyses of rubber by, 586 
diffraction patterns of, 78 
examination of asphaltenes by, 498 

Y 

Yeast, 

enzymes in, 365 
Yellow fat (in sheep), 298 
Yellow mice, 296 
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z 

Zeolites, in chromatography, 184 
Zephiran, S94 


Zone of optimum colloidality, 237, 532 
Zoogleal forms, of bacteria, 320 
Zygote, number of molecules in, 244 
Zymohexase, 361 






